
//j ._

DOE/NASA/0372-1

NASA CR-180890

MTI 87TR57

/ / .....

/. , .,,.i . j

Conceptual Design of an Advanced
Stirling Conversion System for
Terrestrial Power Generation
|1_A5_.-C[_-18_6SC} CCNC.EPgL1AL f._._.161_ OF A_i

A[_VA_CE._ 5_Ibt, I}G C{._IEESI(I_ E_E'I_.t_ FOB
IE$_._ISI_L i_h}i_ 6/_NI_I_A'II(I_ iJnal Sepc[t

(e_char, icai _(chnclcq)) 376 t CSCL IOE
63/85

N_9-125C4

Mechanical Technology Incorporated

Sanders Associates, Inc.

Thermacore, Inc.

and

Pioneer Engineering and Manufacturing Company

January 1988

Prepared for
NATIONAL AERONAUTICS AND SF'ACE ADMINISTRATION

Lewis Research Center

Under Contract DEN 3-372

for

U.S. DEPARTMENT OF ENERGY

Conservation and Renewable Energy
Office of Solar Heat Techr_ologies



DISCLAIMER

This report was prepared as an account of work sponsored by an agency
of the United States Government. Neither the United States Government

nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that Its use would not
infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States

Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United
States Government or any agency thereof.

Printed in the United States of America

Available from
National Technical Information Service

U.S. Department of Commerce
5285 Port Royal Road

Springfield, VA 22161

NTIS price codes1
Printed copy: A17
Microfiche copy: A01

1Codes are used for pricing all publications. The code is determined by
the number of pages in the publication. Information pertaining to the
pricing codes can be found in the current issues of the following
publications, which are generally available in most libraries: Energy
Research Abstracts (ERA), Government Reports Announcements and Index

(GRA and I); Scientific and Technical Abstract Reports (STAR), and
publication, NTIS-PR-360 available from NTIS at the above address.



DOE/NASA/0372-1

NASA CR-180890

MTI 87TR57

Conceptual Design of an Advanced
Stirling Conversion System for
Terrestrial Power Generation

Mechanical Technology Incorporated

Latham, New York

Sanders Associates, Inc.

Nashua, New Hampshire

Thermacore, Inc.

Lancaster, Pennsylvania

and

Pioneer Engineering and Manufacturing Company

Madison Heights, Michigan

January 1988

Prepared for
National Aeronautics and Space Administration
Lewis Research Center

Cleveland, Ohio 44135
Under Contract DEN 3-372

for

U.S. DEPARTMENT OF ENERGY

Conservation and Renewable Energy

Office of Solar Heat Technologies

Washington, D.C. 20545





CONTENTS

Page

1.0 INTRODUCTION ........................... l

2.0 SUMMARY AND CONCLUSIONS ...................... 8

3.0 SYSTEM DESCRIPTION ........................ 17

4.0 ENGINE DESCRIPTION ........................ 21

5.0 ENGINE ANALYSIS .......................... 40

6.0 ALTERNATOR DESIGN AND ANALYSIS .................. 63

7.0 SYSTEM ANALYSIS .......................... 75

8.0 DEVELOPMENT STATUS AND NEEDS ................... I08

9.0 REFERENCES ............................ ll5

APPENDIXES

I RECEIVER DESIGN AND ANALYSIS ................... ll7

II HEAT TRANSPORT SYSTEM DESIGN AND ANALYSIS ............ 179

III COST PERFORMANCE TRADE-OFF BASIS ................. 213

IV PRELIMINARY DESIGN DESCRIPTION .................. 229

V MANUFACTURING COST ESTIMATE ................... 243

pRI_X'I,I_FIII_C,PA_ BI,ANg NOT B'It,MED

111 "_





1.0 INTRODUCTION

A free piston Stifling engine coupled to an electric generator or alternator

with a nominal 25 kWe powrer output absori)ing thermal energy from a nominal i00

square meter parabolic solar collector and supplying electric power to a utility

grid was identified within the DOE Solar Power Development Program at Sandia

National Laboratories as a system with economic potential• In response to an

RFP for an Advanced Stifling Conversion System (ASCS) MTI proposed a system,

based on existing in-house technology, in which a linear alternator is directly

coupled to a free piston engine in an hermetically sealed arrangement.

MTI received a contract, DEN3-372, from NASA-Lewis with funding from Sandia

National Labs in December 1986. This report documents the results of the

conceptual design study of an ASCS. A manufacturing cost estimate generated by

The Pioneer Engineering Company is summarized in section 2.5. and reported in

detail in Appendix V.

i.i Objectives of the Study

The objectives of the study as outlined ir Reference 1 are as follows:

I • Define the ASCS configuration; major component form, critical toler-

ances, major system dimensions, materials, construction and component

operating conditions to meet the ASCS requirements

2. Provide a manufacturability and cost evaluation for the ASCS

3. Predict ASCS performance over the range of solar input required to

produce power

4. Estimate system and major compol_ent weights

5. Define engine and electrical power conditioning control requirements



6. Define key technology needs not ready by the late 1980's in meeting
efficiency, life, cost and weight goals for the ASCS

The requirements for an ASCSas delineated in Reference 1 are summarized in
Table I.i.

1.2 Program Outline

As indicated in the proposal [2], the team assembled to address all phases of

the study was Mechanical Technology Inc., Sanders Associates Inc., Thermacore

Inc. and Pioneer Engineering Company. As shown in the organization chart, Fig.

i.i, MTI was responsible for project management, system design, and engine-al-

ternator design. Sanders and Thermacore, under subcontract, developed the

design of the receiver and heat transport system, which are intimately interre-

lated. The contract directed that Pioneer Engineering be selected to perform

manufacturing and cost studies. This direction, which applied to both this

program and the parallel program being conducted on a Stifling engine hydrau-

lically coupled to a rotary alternator, is intended to minimize bias in the cost

estimates conducted on the alternate approaches.

The effort was broken down into three phases, i.e. preliminary conceptual

design, final conceptual design and cost analysis. Design review meetings were

planned and held at the end of the two design phases at NASA-LeRC. Feedback from

the first design review was reflected into the design during the second phase.

This report covers both the technical work done during the first two phases and

the cost analysis performed during the third phase. Figure 1.2 outlines the work

breakdown and schedule.

1.3 Conceptual Approach

The conceptual approach utilizes an hermetically sealed free-piston Stifling

engine with an integral, direct-coupled linear alternator (FPSE/LA) to convert

solar thermal energy to electric power. The heat input to the engine is from a

receiver located at the focal plane of a parabolic solar collector (_I00 square

meters). The receiver is directly attached to the engine and heat is trans-

ferred from the receiver heated surface to the engine using a liquid metal heat

pipe approach. Electric power generated by the alternator is supplied via suit-
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able controls to a utility power grid. The basic concept is very similar to the

Space Power Demonstrator Engine (SPDE) currently on test at MTI which was built

to demonstrate thermal to electric power conversion for long life unattended

operations in outer space using a nuclear r_:actor heat source.

MTI has been developing Stirling engine technology since the middle of the

1970's. This has encompassed both kinematic (rotating crankshaft) engines and

free-piston (sealed linear drive) engines. Seal wear in kinematic engines is

expected to require engine maintenance at intervals of a few thousand operating

hours. For the Solar application (over 50000 hrs) this introduces an undesirable

maintenance requirement which is avoided in free piston engines by using

non-contacting seals in hermetically sealed engines. Power generation and heat

activated heat pumps requiring a maintenance free long life are the applica-

tions currently being developed. At MTI free-piston engines started at rela-

tively low power levels, (i.e. less than 1.0 kW) but over the years have been

steadily increased. Success of a 3 kW engine alternator led to the current

Space and Heat Pump Programs. The space engine (SPDE) used two 12.5 kW modules

in a linearly opposed arrangement to eliminate vibration. This engine has been

converted into two separate 12.5 kW engines referred to as Space Power Research

Engines (SPRE). The next space engine which is scheduled to be designed and

built in 1988-89 is a 25 kW single module and studies are in process to evaluate

the performance capability of even larger engines. A nominal 25 kW output from

a i00 square meter solar dish coupled with the long life, low maintenance

requirements can be met with a FPSE/LA us:ng technology that has been developed

at MTI in the above-mentioned programs.

1.4 Cost Performance Trade-offs

A basis for determining the trade-offs between cost, performance and life was

formulated at the beginning of the study ar:d is included as Appendix III.

The five key parameters which were identified that involved a trade-off were:

Hot Side Temperature (800°C vs. 700°C)

Alternator Concept - Permanent Magnet vs. Saturated Iron

Seal Concept (Clearance vs. Piston Rings)



Cooling System Size
Ceramic vs. Stainless Steel Power Piston

While detailed costs of all alternates were not generated, the simplified formu-

lations at the end of Appendix III, along with rough estimates of the probable

cost and performance of alternates were used as a guideline in selecting the

baseline design defined in the preliminary conceptual design phase.

Considerations of development status and technical uncertainties as opposed to

cost and performance were the primary basis for changesbetween the preliminary
and final conceptual designs.

The trade between maintenance cost, and installed cost, provided a very clear
incentive to devise a system which is essentially maintenance free.



Table i. 1

ASCS SPECIFIED REQUIREMENTS

Insolation: Design ?oint

Peak

950 W/sq. m.

ii00 W/sq. m.

Baseline Head Temperature: 800°C

Costs: Life Cy:le Cost

E/A Cos- Coat

Minimum

300$/kWe @ 10,000/year

Life: ASCS

E/A

30 years (60,000 h)*

40,000 h.

Test Installation:

Collector Diameter

Heat into Receiver

Weight Limit

Moment Liimit

Vibratory Force Limit

TBC (Sandia)

ii m (95 sq. m.)

75 kWt @ 950 W/sq. m.

2000 ibs

4000 ft Ibs

150 Ibs

Receiver: Aperture 8.0 in.

HTS Concept: Heat Pipe or Reflux Boiler

Fluid Liquid Metal

Ambient Temps - Operating

Shutdown

20 to 92°F

-20OF

Power Output - Voltage

Power Factor

Distortion

i_/120-240/60 Hz

>.85

<2.5%

Controls - Normal Operation

Faults

*At 3000 hr/yr 30 yrs = 90,000 hrs.

Automatic

Automatic



2.0 SUMMARY AND CONCLUSIONS

2.1 Design Approach and System Performance

The design approach is to maximize the ratio of seasonal power output

to ASCS system cost within the following constraints:

- 30 year life without major replacements

- Negligible planned maintenance

- Avoid elements that have potential reliability problems

- Minimize the use of technology that might not be available

in the 1980's

Based upon the interrelationship of creep-rupture strength of pressure vessel

materials, operating hours per year and operating temperature it was determined

that no significant advantage occurred from designing to less than the full

plant operating life of 30 years.

There is some uncertainty with respect to the long-time behavior of materials

exposed to sodium. The approach taken is to limit the materials exposed to

sodium to one structural material (Inco 600) and one wick material (Nickel).

These materials are expected, based upon their metallurgical character, to be

resistant to long-time attack. As the design evolved the operating temperature

was reduced from 800°C to 700°C to minimize the risk of long-term attack to the

maximum extent practical.

Since the engine [s designed with noncontacting seals and bearings on the moving

parts to preclude wear mechanisms, and since it is an all-welded, hermetically-

sealed system there is no planned maintenance on components within the engine

helium or receiver sodium boundaries. Vibration control is by a passive device

(mass on springs) with no active control required.
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The normal control system is elegantly simple. For all normal operations the

two parameters controlled are head temperature and minimum cooler temperature.

Head temperature is controlled by adjust!ng the turns ratio of an autotransform-

er which couples the engine/alternator to the grid. This produces a smooth

transition during start-up and all normal operational transients. The minimum

cooler temperature is maintained by th_rmostatic control of the radiator fan,

such as in a car engine.

The additional controls required to limi_ the damage from potential single point

failures are also simple. They include a solenoid-actuated damping valve within

the engine to kill the engine in the ew_nt electrical control is lost. Signals

used to trigger emergency shutdown are heater temperature, cooler temperature

casing acceleration, current and voltage in the electrical output circuit.

2.2 Key Features of the System

Figure 3.1 shows the layout of the system and Figure 4.1 shows a cross section

through the engine-alternator.

The key features are summarized in Table 2.1 and a weight breakdown is shown in

Table 2.2.

2.3 Evolution of System

Table 2.3 summarizes the key characte_istics of the system at the proposal,

preliminary design review and final design review stages of design evolution.

Table 2.4 shows the performance and weight calculated at the various stages of

the design evolution.

In addition to the performance reported in the proposal,the preliminary design

and the final design reviews, the potential gains to be made by incorporating a

foil regenerator and ceramic piston i11 future 700°C engines is shown in the

fourth column. The last column, which [s a repeat of the PDR column shows the

further gain possible if 800°C operatio_ in a sodium environment could be justi-

fied.



Table 2.1

KEY FEATURES OF SYSTEM

Receiver/Heat Transport System

• Single heat pipe wick on hemispherical shell with gravity return of

condensed liquid

Engine/Alternator

• Annular Regenerator/Cooler

• Tubular Heater - only one structural material in contact with sodium

• Sintered Wire Regenerator (Felt Metal)

• Non-Contacting Seals

• Hydrodynamic Gas Bearings (Spinning Pistons)

• Stainless Steel Power Piston and Cylinder

• Permanent Magnet Alternator

• Heater Head Temperature Controlled by Ground-Mounted Autotransformer in

Electric Circuit

• Passive Vibration Absorber and Soft Engine Mounts

• Ground-Mounted Cooling System Similar to Automobile

• Cround-Mounted Capacitors in Load Circuit Assure Stable Engine Operation

at all Conditions

" Inherent Control of Power Factor

• Pneumatic Damping Valve to Kill Engine if Alternator Coil is Open

Circuited

]0



Table 2.2

SYSTEM WEIGHT BREAKDOWN

Dish Hounted Equipment

(Design Limit 2000 lbs)

Engine Alternator

Receiver

Vibration Absorber

Structure

700 ibs

150 Ibs

200 Ibs

250 ibs

1300 lbs

Moment

(Design Limit 4000 ib ft)

3200 ib ft

Auxiliaries*

Cooling System

Controls (Variac) and Capacitors

e200 ibs

_i00 ibs

*Ground Mounting is an option - Dish Mounting is preferred.

]]
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2.4 Development Status and Needs

Some of the design details of the heat transport system have not been fully

demonstrated on a similar system. While major difficulties in reducing the

design to a satisfactory operating system are not expected, some of the features

should be demonstrated before incorporating the receiver-heat transport compo-

nents into a fully operational system. The fabrication and satisfactory opera-

tion of the relatively large sintered wick on the thin sheet receiver structure

should be demonstrated. A tentative program outlined in Section 8 incorporates

this approach. The particular design was selected over a pool boiler because

for a production engine it is smaller and potentially less costly. For

near-term demonstration of the engine/alter_lator a pool boiler is an acceptable

alternate approach.

Since the engine/alternator is based on the same technology as the 12.5 kWe per

cylinder space power engine currently on test at MTI, the basic feasibility of

the engine/alternator concept is well established. The one feature that has not

yet been fully demonstrated is the use of h#drodynamic bearings. Since initial

assessment of hydrodynamic bearings is currently in progress on the space

engine, and since they are significantly simpler (less costly) and more effi-

cient than hydrostatic bearings, they have been selected for the production

solar engine. If demonstration of their performance on the space engine is

delayed, the first solar test engine could incorporate both hydrostatic and

hydrodynamic bearings.

In a brand new design there is always some _ncertainty in the performance pred-

ictions. Significant understanding of bot]l engine thermodynamic behavior and

loss mechanisms in and around the linear _iternator on the space engine have

been obtained. Ongoing work is producing f lrther improvements in the methodol-

ogy used to design free-piston engines anc linear alternators. Basing a new

design on this understanding reduces the _isk of large errors in performance

prediction.

2.5 Manufacturing Cost Estimate.

Appendix V presents the details of the cost estimate performed by Pioneer Engi-

neering Company.

15



The results of the cost _;tudy are summariz_'d in Table 2.5. The Manufactured Cost

for the complete system is $8429. The installed cost goal (see Appendix II£ ) is

$13000. Costs have been translated into 1984 dollars to be consistent with the

DOE 5 year plan which esLab[ished the cost goal.An estimate of the factor by

which the manufacturing cost must be raised to represent an installed cost was

not made. Both the manufacturing cost estimate and the cost goal have signif-

icant uncertainties in them. At this stage the projected manufacturing cost is

in the range where development of the Free Piston Stifling Engine can be justi-

fied.

The largest cost element is the Stifling engine proper. This constitutes about

60% of the system total. The two most costly elements of the engine are the heat-

er head and regenerator. These are estimated at 35% and 16% of the engine cost or

21% and 10% of the system cost respectively. These two components are where

further effort to reduce their cost will have a significant impact.

If XF818 can be substituted for lncoTl3LC (see section 5.1 for further

discussion) significant savings might be attained depending on a more detailed

determination of manulacturing cost.

Introduction of a foil regenerator (development on other programs is antic-

ipated) has the potential of reducing cost and more importantly of increasing

performance.

16



3.0 SYSTEM DESCRIPTION

The elements of the system are:

i. Receiver/Heat Transport System

2. Engine-Alternator

3. Vibration Absorber

4. Engine Mounts

5. Cooling System

6. Power Control System

Each of the above are explained in detail in subsequent sections of the report.

Coverage in this section is limited to a description of the overall arrangement

and subsystem interfaces. Elements 1 thro_gh 4 are located on the solar collec-

tor, the main components of 5, 6 and 7 c_nbe located on the ground or on the

collector.Mounting on the collector is preferred since it would permit the

complete system to be assembled at the factory and minimize the effort (cost) of

installation.This approach adds weight to the equipment mounted on the dish. The

final selection should be based on further study. Figure 3.1 shows the system

arrangement on the solar collector. The mounting ring configuration applies to

the Sandia Test Bed Collector. The clearance within the mounting ring is 31.25

inches and the supporting bolt circle diameter is 36.0 inches. These dimensions

were taken from Sandia Drawing No.$60104_ Fart No. 2.

The receiver/heat transport system is de;cribed in detail in Appendices I and

II. As shown in Figure 3.1, the receiver comprises a hemispherical shell which

collects the thermal energy from a parabolic solar collector which focuses the

incident insolation through an 8 inch diameter aperture in the face of the

collector. The hemispherical shell, the c[lipsoidal head on the engine and the

interconnecting shell form a cavity into _hich the engine heater tubes project.

A layer of sintered porous metal containing arteries to aid fluid distribution

is located on the back face of the hemi;pherical head and about one pound of

sodium is contained within the cavity. H_at transfer between the heated hemis-

pherical shell and the engine heater tubes is based on the same principle used

in conventional tubular heat pipes, e>_cept gravity is used to return the

condensed vapor to the sump. This is cc_vered in detail in Appendix II. The

17
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engine-alternator, which is described in S_ction 4, interfaces with the system

at the heater tubes, the cooler assembly an_ the alternator power output termi-

nals. Heat input at the heater tubes is from vaporized sodium in the receiver

cavity which condenses and gives up its latent heat of vaporization. The

condensed sodium returns by gravity to the sump and is distributed by capillary

action in the wick over the heated shell surface. Heat is conducted across the

walls of the heater tubes and the helium in the engine cycles back and forth

through the tubes and absorbs the heat by forced convective heat transfer. Heat

which is not converted to electrical power is rejected to the cooling system at

the engine and alternator coolers. The cooling lines are shown in Figure 3.1.

The coolant is a water/glycol mixture whic_ is circulated through an air-cooled

radiator. The radiator, motor-driven fan, water pump and thermostatic control

comprises the cooling system, which is covered further in Section 7.

The power control system incorporates a bank of capacitors and a motor-driven

autotransformer between the alternator and the grid. The capacitors adjust the

reactance of the alternator to assure st_ble system operation over the full

operating range.

Since the grid voltage is essentially co_stant the autotransformer controls

voltage at the alternator terminals. As _xplained in Section 7, this permits

power level to be adjusted to match changes in power input while maintaining the

head temperature at its design point, and th_is maximizing engine efficiency.

The vibration absorber is an undamped mas_ on a set of springs. The mass and

spring stiffness is selected so that the r_sonant frequency of the absorber is

the same as the nominal operating frequer_cy of the engine (i.e. 60 Hz). As

explained further in Section 7, the vibratory motion of the engine casing can be

virtually eliminated at the design frequen<:y. Due to small variations in line

frequency, a residual vibration cannot be _,voided at the specified i% variation

extreme. To reduce the force transmitted to the collector in this situation, a

relatively soft support structure is used. The set of flat plates shown on

Figure 3.1 are designed to limit the for_:e transmitted due to this residual

vibration at off-frequency operation. The soft mounts would actually limit

force transmission to the 150 ib level specified in Table i.i without a

vibration absorber. It is currently thought prudent to include a vibration

)9



absorber to minimize g-loading on the receiver and further reduce off-frequency

force transmission to the collector.

A breakdown of the system weight is shown in Table 2.2. The total weight on the

dish of 1300 ibs is well below the 2000 ibs allowed per Table i.I. As indicated

above_ it may be preferable to locate the cooling and control components on the

dish.

20



4.0 ENGINE-ALTERNATOR DESIGN DESCRIPTION

4.1 Design Requirements and Options

The design requirements can be summarized as:

High Efficiency

Low Cost at i0,000 Units/Year Production Rate

Long Life (30 Years at 3000 Hours/Year)

High Reliability

Low Maintenance Costs

Minimal New Development

High efficiency is obtained by understandir_g the loss mechanisms and minimizing

them within the constraint of a producible design. The engine, as designed, has

an estimated shaft efficiency of 38.5% and an overall efficiency including

alternator, auxiliary and control losses c f 33.7%. At 59% and 52% of Carnot

efficiency respectively, these constitute fairly high performance for a 25 kW,

single-cylinder free-piston engine operating on helium and utilizing low cost

piston and displacer materials.

Every effort has been made to develop a design that is amenable to low cost

production in fairly large quantities. 2he final cost numbers developed by

manufacturing engineers at Pioneer as r,_ported in Appendix V suggest that

acceptable production costs are attainable.

No significant cost savings or performance gains were identified for designing

to less than the full design life of an opernting plant (30 years).

High reliability and low maintenance requirements, along with avoidance of

undemonstrated features to the maximum extent practical were reflected in the

final concept selections.

Table 4.1 shows the options considered and the final options selected.

2]



Table 4. I

Concept Seletion

(Final Selection Underlined)

i. Seals

2. Bearings

3. Arrangement

4. Heater Temperature

5. Regenerator

6. Power Piston Material

7. Alternator Concept

Noncontactin$ vs. Contacting

Hydrodynamic vs. Hydrostatic vs. Contacting

Annular HX vs. Canister HX

700°C vs. 800°C

Feltmetal vs. Weave vs. Foil

St. Steel vs. Ceramic

Perm. Magnet vs. Sat. Plunger

22



Items 1 through 6 will be discussed further in Section 4.4. Item 7 is covered in

Section 6.

4.2 Ceneral Arrangement

Figure 4.1 shows a cross section of the final conceptual design of the engine

alternator. It is comprised of the following elements:

i. Displacer Assembly

2. Heat Exchanger/Pressure Vessel A:_sembly

3. Power Piston Assembly

4. Power Piston Cylinder Assembly

5. Outer Stator Assembly

6. Pressure Vessel Closure

Figures 4.2 and 4.3 show these assemblies fin partially exploded format.

The design as it existed at the preliminary design review is covered in Appendix

IV.The figures therein also show the arrani_ement of the components

In Figure 4.1 the two moving elements (the power piston and displacer) are shown

in heavy shading. The post and flange and power piston cylinder which guide the

moving parts is shown crosshatched.

The working fluid of the engine is heliu_ at a mean pressure of 105 Bar (1520

psi). Hydrogen would result in higher eft!iciency, but the long-term permeation

characteristics, particularly into the heat pipe receiver make it unacceptable

for long life, replacement-free operation. The design operating temperature of

the heater (sodium condensation temperature) is 700°C (973°K). Based upon the

thermodynamics of a Stifling cycle engine the attainable efficiency is a func-

tion of the ratio of the absolute temperature of the heater and cooler. The

cooler temperature is established by ambie_t atmospheric conditions to be in the

range 300 to 330°K.

For a solar system, since there is no control on the energy source the delivered

power is directly proportional to system efficiency. To maximize this the

engine should be operated at as high a temperature as materials will allow for

the conditions of pressure anbd life required. From creep strength on high

temperature alloys it was determined that 800°C (1073°K) would be possible,
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Table 4.2

ENGINE P_ETERS

Working Gas

Heater Tube Surface Temperature

Cooler Tube Surface Temperature

Mean Pressure

Frequency

Design Point Heat Input

Piston Diameter

Displacer Diameter

Piston Half Stroke (Design Point)

Displacer Half Stroke (Design Point)

Displacer Phase (Ahead of Piston)

Rod Area

Heater

No. of Tubes

Tube O.D.

Tube I.D.

Heated Length

Regenerator

Type

Thickness

Porosity

Length

Cooler

No. of Tubes

Tube O.D.

Tube I.D.

Cooled Length

Power Piston Mass

Displacer Mass

Casing Mass

Absorber Effective Mass

Displacer Spring Constant

Power Piston Spring Constant

Absorber Spring Constant

Displacer Damping

Power Piston Damping

Absorber Damping

Coil Inductance

Coil Resistance

Core Resistance

Tuning Capacitance

T(H)

T(C)

P(M)

F

(QIN)

Helium

700°C

60°C

i05 bar

60 Hz

68.8 kW

7.5 ins.

6.0 ins.

.71 ins.

•58 ins.

60 deg

1.2 sq. in.

96

5.0mm

4.0mm

9.85 in.

Sintered Wire

.001 in.

9O%

2.81 ins.

360

4.0mm

3.0mm

4.5 ins.

55 ibs

24.0 Ibs

630.0 Ibs

I00.0 ibs

9546 ib/in.

6836 Ib/in.

36,781 ib/in.

.535 ib-s/in.

.323 Ib-s/in.

0.0 ib-s/in.

.0057 henry

.0642 ohm

63.5 ohm

.00144 farad
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however, due to uncertainties in the long-term behavior of alloys exposed to

sodium, 700°C was selected as the reference hot side temperature to reduce the

probability of unacceptable attack of alloys and/or joints in the receiver and

engine heater materials. The selection of the basic parameters of the system,

which are listed in Table 4.2 were established to maximize the system efficien-

cy.

The overall length of the engine-alternator is 34 inches and the maximum diam-

eter is 20 inches. Overall weight is approximately 700 ibs. A weight breakdown

is shown in Table 4.3.

4.3 Principle of Operation

There are two moving parts in the engine, i.e. the displacer and the power

piston.

The displacer is constrained by the post and flange to move in the axial direc-

tion and similarly the power piston is guided by the power piston cylinder. A

set of magnets is housed in the alternator plunger attached to the end of the

power piston.

During operation the displacer and power piston move back and forth in a reci-

procating motion at 60 cps (3600 cpm), the displacer leading the power piston by

about 60 ° The displacer motion causes the high pressure (105 Bar) helium gas

in the engine to flow back and forth between the hot expansion space and the cold

compression space. During this cyclic flow the gas absorbers heat at the heater

tubes, interchanges heat with one regenerator and rejects heat at the cooler.

The work of the thermodynamic cycle is used to drive the alternator plunger,

which is attached to the power piston, and also to overcome mechanical losses in

the gas springs and seals.

The magnetic field from permanent magnets on the plunger is caused to traverse

the coil of the alternator and induce 60 Hz single phase power in the coil, which

is extracted at the alternator terminals.

For a free-piston engine, stable operation over the full power range requires

careful selection and tuning of the parameters which affect the engine dynamics,
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i.e. displacer and piston mass, displacer and piston gas spring stiffness,

alternator inductance and load characteristics. Engine and system dynamics is

covered in more detail in Section 7. The rod area (difference between the fron-

tal area of the displacer in the expansi)n space to that in the compression

space) is also a major parameter affecting displacer stroke. The numerical

values of the final dynamic parameters are _;hown in Table 4.2.

4.4 Subassembly Concept Selection and Desc:]i__ption

4.4.1 Heat Exchanger and Pressure Vessel

The general arrangement of the heater, rege_erator and cooler, along with heater

temperature and pressure vessel material selection, involves interdependent

considerations of material strength and engine performance. The key parameter

is the regenerator length. Stress conditiens on the pressure boundary are most

severe in the pressure wall at the ends of _:he regenerator. This is because the

stresses due to the temperature gradient along the regenerator wall are most

severe at these locations and combine with _tresses due to the oscillating heli-

um pressure to produce a severe fatigue _;ituation. The severity of this is

approximately inversely proportional to ::he ratio of regenerator length to

regenerator wall diameter.

The regenerator area, length, porosity and type are important parameters which

must be carefully selected in a high efficie_cy engine.

Two of the general arrangements of the regenerator and cooler which have been

applied in Stifling engines are referred to as annular and canister designs.

The annular arrangement is as shown in Figure 4.1 with the regenerator and cool-

er in an annulus inside the main vessel. In the canister arrangement the regen-

erator and cooler ace located outboard of tile main pressure vessel in a set of

several modules or canisters. Figure 4.4 shows a typical arrangement generated

for the solar engine. The main advantage _f the canister arrangement is the

diameter of the pressure wall around the reg_nerator is much smaller than in the

annular design and, consequently, the stre;s conditions are less severe. The

disadvantage is the design tends to be more :omplex and heavier and, as a conse-

quence, more costly to fabricate. Readers familiar with the ASE MOD I and MOD II
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Table 4.3

ENGINE ALTERNATOR MATERIAL AND _#EIGHT BREAKDOWN

Component

Pressure Vessel Assembly

Hot Vessel

Tubes

Cold Vessels

Displacer Cylinder

Displacer Assembly

Post and Flange

Displacer and Piston

Dome

Regenerator

Cooler

Power Piston and Cylinder

Piston

Piston Cylinder

End Cap

Hardware

Alternator and Plunger

Stators

Hardware

Magnets

Plunger Hardware

Spin Motor

Material

INC0 713LC

Incolloy 800

Low Alloy Steel and 300 SS

Steel and INC0 625

Cast Iron

Cast Iron

INCO 625

300 SS Foil

300 SS

Stainless Steel

Stainless Steel

Aluminum

Steel

Steel Lams.

Copper

Steel

Neodymium

Aluminum and Plastic

Copper and Steel

Weight

33

5

160

13

55

23

2

21

19

3O

70

2

20

140

60

25

18

6

13

Total %700 ibs.
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Fig. 4.2
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Power Piston

Cylinder Assy.

I

Outer Stator

Assy.

L_

7

Vessel

Closure

Power Piston Assy.

Power Piston Cylinder

Outer Stator

, Support
rT_

--__ Stuffer

_ _. __---Outer Stator

i_ Spin Motor

Power Piston

Alternator Plunger

l

Fig. 4.3 - Power Piston, Power Piston Cylinder and Outer Stator Assemblies
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Transition

Flange

See Detail

Fig. 4.5

_Heater head

See Detail

Fig. 4.6

Fig. 4.4 Heater Head Brazing Assembly
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Heavy Line Indicates

Final Braze Joint
Tube

(Incolloy 600)

!

Braze Material

Wire Ring

Plate

(Incolloy 600)

Braze Material

Foil

Heater Head

(Inco 713LC)

(Plated)

Fig. 4.5 - Tube Detail
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engines will recognize that an annular arrangement was selected for MOD II over

the MOD 1 canister design for the same reason_

For the solar engine the annular design was selected. Even though the high

temperature materials applicable to this design are fairly expensive, the inher-

ent simplicity was judged more important in meeting the engine design require-

ments.

As shown in the Summary Table 2.3, the combinations of vessel material, heater

temperature and regenerator type which can be used in our annular design are:

i. Inco 713LC or Into 718 706°C Feltmetal

2. XF 818 700°C Foil

3. Into 713LC 80(I°C Foil

Combination (i) is selected for this study since the development requirements

and potential sodium corrosion problems are minimized by this selection. Combi-

nation (2) can be considered after foil regei1erators are developed, and Option 3

is a possible longer term option of sodium compatibility at 800C can be shown to

be acceptable.

The heater head assembly, the heater tube to vessel joints and the vessel wall

joint are shown on Figures 4.2, 4.4 and 4.5 r_spectively.

For the heater tubes and receiver boundary, the primary concerns are to provide

reliable joints where the tubes containing _]igh pressure helium enter and leave

the head, and also avoid potential attack of materials exposed to sodium liquid

and vapor. The approach shown in Figure; 4.3 and 4.4 avoids direct sodium

contact of the structural material of the vessel head and also results in a

single structural alloy exposed to the sodilm in the receiver. Incolloy 600 is

selected as a reference based upon its resistance to sodium attack and the rela-

tively small difference between its thermal expansion characteristics and that

of nickel minimizes potential spalling problems in the sintered wick on the back

of the receiver dome.
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At the heater tube to vessel interface the Inco 713LChead is plated with
suplhamate nickel then an Incolloy 600 sheet is brazed to the head. Holes are

then drilled for the heater tubes (96 U-shaped tubes in two rows), as shown, the

tubes inserted and then brazed into place. A fillet at the tube to hole inter-
face is desired to avoid a crevice at this location and minimize sodium attack.

Even though the heater tubes contain high pressure (about 1700 psi max.) the
wall stresses are small due to the large thickness to inside diameter ratio.

Thus, even though Inco 600 is not an ultrahigh strength material, it is adequate
for this application.

The joint in the vessel wall shownin Figure 4.6 is required to transition from

the high cost Inco 713LCused for the hot pressure vessel to the low cost alloy
steel used for the cold pressure vessel. The primary concern is the axial load
due to engine pressure.

Friction welding was identified as an approach to join dissimilar metals which

was discarded following the preliminary design based on the high projected cost

of suitable production equipment. The brazing approach shownin Figure 4.6 was

selected because the braze is primarily a seal and the interlocking arrangement

of a tapered joint backed up by the rigid flange of the post and flange gives an
inherently safe design. This joint will probably not exist on the first test

engine, since the requirements for disassembly and replacement are expected to
dictate a bolted joint be used at this location.

4.4.2 Displacer Assembly, Bearings and Dynamic Seals

The design of the displacer and the selection of bearings and seals on both the

displacer and the power piston involve trade-offs between:

Cost

Performance (Mechanical Losses)

Life

A major advantage of free-piston engines using noncontacting bearings and seals

is that there is no wear, such as is inherent in contacting bearings and seals.

Noncontacting bearings and seals require very small clearances between the

moving elements and adjacent stationary elements. Typical radial clearances

34



i

i

i--

-7

Heater Head

Inco 713LC (Plated)

Braze _terial

(Spray or Foil)

Transition Flange

SS 310
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range from .0005 to. O009 inches, dependin_ on seal diameter and seal length.

Simple arrangements such as the power pist_n are less susceptible to difficulty

than displacer arrangements. Because practical displacer designs require two

gas springs, at least one joint is required in the moving assembly and at least

three concentric clearances are required. The particular arrangement used in

the solar engine has been evolved at MTI to meet the cost/performance/life

requirements on engines with commercial oroduct potential. Indications from

Fioneer Engineering are that the clearance and tolerance requirements for the

design arrangement shown in Figure 4.2 are well within the range of current

production techniques. A similar finding was made by a consultant who reviewed

the same concept being applied to MTI's heat pump engine.

Based upon the above, it was judged that the relatively small initial cost

savings that could be expected from using contacting seals would not outweigh

the performance loss and cost associated _ith wear out and periodic replacement

of contacting seals.

The choice available for noncontacting bearings is either hydrodynamic (spin-

ning pistons) or hydrostatic (nonspinning pistons) gas bearings. Based upon

simplicity and the small power requirement to drive them, hydrodynamic bearings

are preferred if it can be shown that they can be made to operate stably.

Hydrostatic bearings in which high pressure helium is supplied to sets of orif-

ices in the stationary walls of the bearing journals have been used extensively

on laboratory engines. They are somewhat more complicated in that a source of

pressure somewhat above engine mean pressure is required to supply them. An

internal pumping arrangement, such as clipping the pressure wave of one of the

gas springs, is possible but difficult tc incorporate in an engine which oper-

ates over a wide range of power, stroke, and gas spring pressure amplitude. An

external pump or booster is an alternat_ approach which is also possible, but

introduces an additional power loss ass)ciated with the pump's inefficiency.

Anticipating successful demonstration on the space engine program hydrodynamic

bearings are selected for the conceptual design of the production solar engine.

The power piston of SPRE has been succes_fully run on hydrodynamic bearings in

motoring tests so that feasibility is dem_mstrated.

4.4.3 Power Piston and Power Piston Cylinder Assembly -

Power Piston Material Selection
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The power piston assemblies and power piston cylinder are shownin Figure 4.3.

The weight of the power piston assembly is a dominant factor affecting the

engine performance. The inertia force of the piston is balanced by a combina-

tion of pressure force from the compression space and pressure force from the

gas spring. As the weight of the piston is increased above that which is

balanced by compression space pressure amplitude, the gas spring pressure ampli-
tude must be increased. Hysteresis power losses in the gas spring increase as

the square of pressure amplitude. They are also proportional to the surface

area exposed to gas in the gas spring. At the preliminary design stage a ceramic

piston and cylinder were identified as a good selection to control piston
weight. This also resulted in a rigid assembly in which the seal clearance at

the piston outer diameter did not change due to cyclic pressure loads on the
piston and cylinder. In keeping with the desire to avoid using undemonstrated

approaches to the maximumextent possible, this decision was reconsidered and

even though using non-magnetic stainless steel resulted in about 2% less power

output, it was felt the incorporation of a ceramic piston and cylinder be post-
poned for later consideration. This also minimizes difficulties in making cost

estimates on relatively new technology where production levels have not been
demonstrated.

The alternator plunger containing the magnets is attached to the end of the

piston. The magnets with plastic spacers are bonded into fiberglass layers on
the two surfaces to form a composite assembly, which is then bonded to the

aluminumcarrier. The carrier is bolted to the end of the piston as shown.

The inner stator of the alternator is attached to the end of the power pisto_

cylinder. A plastic stuffer is included to reduce the gas spring volume. It is
also designed to minimize surface area in the gas spring.

The outer stator support is bolted into position at the power piston cylinder
flange prior to installing the outer stator.
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4.4.4 Outer Stator Assembl Z

The outer stator assembly is comprised of the outer stator, the spin motor,

cooling coils and stuffer as shown in Figure 4.3. The stator is supported at its

outer diameter. The support arrangement permits the stator to be located

concentric with the power piston bore using a fixture which pilots on the bore.

The bolts in the stator support are tightened after the stator is located. This

assures concentricity without depending )n close tolerances between the stator

and its supporting structure. A flexib e seal between the stator support and

the weld backing ring on the vessel is shown in Figure 4.1. This is used to

close off the gas spring and reduce its _olume to the required magnitude. The

spin motor is the drive for the hydrodynamic bearings. The power draw of this

motor is very small (less than 50 watts).
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5,0 ENGINE ANALYSIS

5.1 Introduction

Stress analyses were conducted to select materials of construction and the

dimensions and layout of the engine components. These were particularly impor-

tant in selecting the materials and configurations of the components on the hot

side of the engine.

Thermodynamic and system performance calculations at the design point, and also

over the full range of operating conditions, were conducted to maximize the

performance of the engine within prescribed constraints. In the preliminary

design stage the performance was based upon 800°C heater temperature, foil

regenerator and ceramic power piston. For the final design the performance was

based upon 700°C heater temperature, sintered wire (feltmetal) regenerator and

stainless steel power piston.

Engine thermodynamic performance and structural design are closely interrelated

at the pressure vessel around the regenerator where regenerator length deter-

mines the thermal stress conditions in the vessel wall due to the axial gradient

along the wall. As discussed in Section 4.4.1 this was a dominant factor in

selecting the basic arranBement of the heat exchangers and the hot vessel mate-

rial.

Engine dynamics and stability analyses are covered in Section 7.0 (System Analy-

sis) since they involve the interaction of the engine, the alternator and the

external load circuit.

The approach taken is to optimize the engine to maximize shaft power at the

alternator at the design point, adjust the dynamic parameters to produce the

strokes and phase required for this optimization, then evaluate the system at

power levels above and below the design point. As shown in Section 7, the system

efficiency is relatively constant over most of the operating range.

5.2 Stress Analysis and Material Selection
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5.2.1 Analyses and Structural Criteria

Table 5.1 summarizes the analyses perforr_ed and the material selections made for

various components of the engine.

Table 5.2 summarizes the structural criteria applied to all engines designed by

MTI. The criteria is based upon providing a conservatively calculated factor of

safety of 1.5 for structural failure mechanisms and where appropriate restrict-

ing deformation such that engine performance is not affected by dimensional

changes.

Analyses which will be covered in detail due to their importance to the concept

selection are stresses in the hot press lre vessel and deformation in the power

piston clearance gap.

5.2.2 Hot Pressure Vessel

For all Stifling engines the selection of material and the design of the vessel

which contains the high pressure working gas on the hot side of the engine is

critical. Ideally a simple geoemtry ard an inexpensive material is desired to

minimize cost. Engine efficiency increases with temperature and engine size

decreases with increasing pressure. Th_se factors tend to drive designs to high

pressure and high temperature. The creep rupture strength of the vessel materi-

al dictates its temperature/life capability and the hot section of the vessel is

restricted to a relatively small numbe_ of alloys. Figure 5.1 shows the creep-

rupture strength characteristics of sev,_ral alloys that have been considered for

stifling engine applications. The head thickness which is required to carry the

pressure load assuming a 2 to l ellipsoidal head on a i0.0 inch diameter vessel

is shown in Figure 5.2. The nominal _verall design point efficiency required

for the ASCS is about 33% (i.e. 25 kWe power from 75 kWt into the receiver).

This dictates that the head temperatur_z be in the range of 700°C to 800°C. The

economic trade-off between performance and engine cost was determined to be

about $1200/kWe. A 100°C change in head temperature at 700°C translates into

about 1.2 kW more power, which is equivalent to about $1400 in capital cost.

Since the difference between using high cost alloys and lower cost iron base

alloys is expected to be a few hundred dollars at most in production quantities,

the economic trade-off favors the selection of high operating temperatures. For
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Tab le 5. I

STRESS ANALYSIS AND MATERIAL SELECTION

I. Pressure Vessel (Hot End)

• Creep due to "steady" pressure

• Low cycle fatigue due to thermal transient

• High cycle fatigue due to pressure cycling

2. Heater Tubes

• Creep

• High Cycle Fatigue

3. Pressure Vessel (ColdEnd)

• Burst due to steady pressure

• High cycle fatigue due to pressure cycles

4. Power piston and cylinder

Loss of seal clearance due to cyclic pressure

5. Displacer (Cold End)

and Displacer Cylinder

Loss of seal clearance due to cyclic pressure

6. Displacer (Hot End)

• Buckling

• High cycle fatigue

INCO713LC with

INCO600 Sodium

Barrier

INC0600

Low Alloy Steel

4130 or Equivalent

Ceramic (SIC>

Nodular Cast Iron

Alloy Steel

INC0625
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Table 5.2

ORIGINAL PAGE IS

OF POOR QUALITY

STRUCTURA/_ CRIT!{.RIA

i. PRIMARY MEMBRANE STRESS < S
-- m

< 2
Sm ---3 sy

and 1
S < S um--2

and
2

S m ! -_ Sr

and
.

S <
m- Sol%

_, - Yield Strength at

Y Op. Temp.

u
- Ultimate Strength

!; - Stress to cause rupture

r in design life.

S¢- i%
- Stress to cause 1% creep

in design life.

2. PRIMARY SURFACE STRESS (Membrane + Bending)

S < 1.5 S
s m

3. PRIMARY + SECONDARY SURFACE STRESS

SI< 3 S

s m

4. CYCLIC STRESSES SHALL NOT INDUCE FAILU$_ WITH A FACTOR OF SAFETY OF

1.5 WHEN PLOTTED ON A GOODMAN DIAGRAM.

5. DYNAMIC CHANGE IN SEAL CLEARANCES < I._%

6. BOLT PRELOADS 150% MINIMUM REQUIRED.

DEFINITIONS

PRIMARY STRESS

SECONDARY STRESS

M_-_ RANE STRESS

SURFACE STRESS

PEAK STRESS

MEAN STRESS

ALTERNATING STRESS

EFFECTIVE STKESS

A stress which is not relieved by plastic deformation

if the elastic li-_.it (yield) is exceeded.

A stress which is relieved by plastic deformation if

the elastic limit (yield) is exceeded.

Is the average stress through the cross section of a

s=ructural element:.

Is the s=ress at _he material surface due to the

combined effect cf direct plus bending loads - bu_

excluding s=ress concentra=ion.

Is the surface stress increased by the effect of local

stress concentrat:ion.

Is the average peak stress during cyclic loading.

Is half the stre_;s range (e.g. stress amplitude)

during cyclic loading.

Is the equivalen_ nniaxial stress determined from

Von Mises formulation for treaclng biaxial and triaxial

scress conditions.
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the preliminary design 800°C and INCO 713LC was selected. This was decreased to

700°C for the final design based on other considerations (i.e. liquid metal

attack of the receiver materials).

For the annular heat exchanger arrangement (the concept selection reasons are

covered in Section 4), a vessel strength requirement, which is equally as impor-

tant as creep strength, is the fatigue strength.

Conditions which cause stresses in the pressure vessel are:

i. Mean Engine Pressure 105 Bar (1522 psi)

2. 60 Hz Cyclic Engine Pressure ±16.3 Bar (±237 psi) at maximum power

point

3. Thermal stresses due to the temperature gradient along the vessel wall

adjacent to the regenerator = 640°C

Two start/stop cycles per day give 20,000 cycles in 20 years.

The dominant fatigue condition is the pressure cycling (2) superposed on the

steady stresses due to mean pressure (i) and thermal gradient (3).

The fatigue conditon due to the superposition of the theral cycling (3) on the

mean pressure (I) is generally less severe than the pressure cycling condition.

The allowable fatigue stress levels are shown on a Goodman Diagram. A conserva-

tive diagram can be constructed for high cycle fatigue as shown in Fig 5.3. The

region of particular interest to the vessel fatigue stress conditions due to

pressure cycling is the region between B and C. As seen in the diagram, the

maximum stress (mean stress + alternating stress) in this region is limited by

the yield strength of the material. Figure 5.4 shows the yield strength of

several high pemperature alloys. Figures 5.5, 5.6, 5.7 show sample head geom-

etries that were analyzed during the program. Geometry A shows the Inco 713LC

head for 800°C operation with a 5.0 in. long foil regenerator selected as base-

line for the preliminary design review. Geometry B shows the Inco 713LC head
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for 700°C operation and a 3.0 in. long sintered regenerator selected for the

final conceptual design. Ceometries C and D were trials made to evaluate XF818

as a head material. The results of analyses on these geometries are shown in

Figure 5. It can be seen that the only two materials identified with adequate

margin of safety for the final conceptual design (Ceometry B) are Inco 713LC and

Inco 718.

An Inco 718 head at 700°C with 3.0 in. long regenerator would be similar to XFSI8

at the hot end similar to Inco 713LC at the cold end. This is an acceptable

alternate and is designated Ceometry E. and is shown in Figure 5.9.The conclu-

sions reached are that for the hot vessel the following are the minimum strnegth

requirements:

Stress Rupture Strength at 700°C and 105 hrs

Yield Strength at R.T.

Yield Strength at 700°C

20.0 ksi

90.0 ksi

75.0 ksi

The reference material selected is Inco 713LC with Inco 718 identified as an

acceptable alternate.

5.2.3 Power Piston Seal Clearance

The two dominant parameters related to the power piston assembly which have a

significant affect on the performance of the machine are:

i. Piston Mass

2. Clearance between Piston and Cylinder

Up to a piston mass of about 40 Ibs the gas spring can be quite soft. Up to this

level most of the inertia force associated with the reciprocating motion of the

piston is balanced by the pressure in the compression space. As the weight

increases above this level the gas spring must be made stronger (smaller volume)

and the cyclic pressure amplitude increased. Hysteresis losses in the gas

spring are proportional to the square of pressure amplitude and the wetted area.

There are practical limitations on how much the wetted area can be reduced, so

that the magnitude of gas spring pressure dominates the hysteresis loss.
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Table 5.3

STAINLESSSTEEL VS. CERAMIC PISTON

MODULUS OF ELASTICITY

DENSITY

E/o

PISTON WALL THICKNESS

CYLINDER WALL THICKNESS

PISTON/PLUNGER WEIGHT

PSI

i0 6

LB/CU.IN,

IN/10 8

INS.

INS •

S.So

28.6

.285

1.0

.375

.75/.375

CERAMIC
(SIC)

48.0

.12

4.0

.50

.50

LBS 55 40

COMPRESSION SPACE PRESSURE

A.MPLITUDE AT DESIGN STROKE

BAR 14.2 14.2

CHANGE IN SEAL CLEARANCE DUE

To PRESSURE CYcLIN:G

MILS ± ,23 ± .05

GAS SPRING PRESSURE AMPLITUDE BAR 7.6 2,0

GAS SPRING SURFACE AREA SQ.M 1.6 3.0

GAS SPRING HYSTERESIS WATTS 980 280

FOR [_EAR-TERM NONMAGNETIC STAINLESS STEEL IS SELECTED.

FOR LONGER-TERM - CERAMIC IS WORTH DEVELOPING.

OR_G_,N_',L PAGE IS

OF POOR QUAL,q'Y
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To minimize losses associated with leaking magnetic fields around the alterna-

tor, it is desirable for the power piston cylinder and and power piston to be

nonmagnetic and nonconducting.

In addition to the gas spring hysteresis loss, the mechanical less associated

with pumping gas along the seal at the o_ter diameter of the piston must be

controlled. Since this loss increases as the third power of clearance, very

small clearances must be selected and maintained.

From material property considerations ceranics such as silicon carbide are ideal

materials for the power piston and its cylinder. These properties are high

stiffness and low density, which results _n a piston and cylinder with very low

deformation in the seal clearance due to ,_yclic pressure loading while meeting

the low piston weight requirement. Additionally they are nonmagnetic and dimen-

sionally stable materials. Since they are not widely used in similar applica-

tions there is some uncertainty in the production cost projection for the

tolerances required.

Nonmagnetic stainless steel is the most suitable conventional material for this

application, but does introduce some additional losses since the piston weight

exceeds the optimum. For the final conceptual design stainless steel was

selected to avoid uncertainties associated with ceramics at this particular

time. Table 5.3 compares the characteristics of a stainless steel and ceramic

piston. A ceramic piston arrangement is shown in Appendix IV which covers the

design presented at the preliminary desig[_ review.

Figure 5.10 shows the cyclic deformatio_i in the seal clearance. The nominal

clearance of .7 mils was increased to .9 mils to accommodate this.

5.3 Engine and System Performance

5.3.1 Introduction

The seasonal performance of the system is characterized by the electric power

delivered to the grid during a typical year. The specified distribution of

insolation on the collector is shown ir: Table 5.4. The thermal energy at the
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Table 5.4

ANNUAL SOLAR INSOLATION DISTRISUTION

Insolat!on Time

Naris/m" Hours/Year

O to 99 5091

lOO to }99 276

200 to 299 201

300 to 399 216

4OO to 499 18_

500 to 599 229

600 to 699 261

700 to 799 4a4

800 to 899 674

900 to 999 IO21

_O50 to 1099 168
8762
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receiver is also specified as 75 kWt for a_ insolation level of 950 watts per

square meter. This is also defined as the design point for the system. The

system is required to accept up to ii00 watt_i per square meter of insolation. As

shown in Section 7, the system has been designed to generate power over the full

range of useful insolation intensity (approx. 200 to ii00 watts per square

meter). For this study the collector efficiency has been assumed constant:

i.e. QR = (I x 75 kWt)/950

Where QR is heat into the r_ceiver

I is insolation on coi lector in watts per square meter

The total energy available at the receiver is calculated on this basis to be

205,000 kWh/year.

The objective is to convert as much of this energy to electricity as is econom-

ically practical within life, reliability and maintenance constraints. This

reduces to minimizing losses to the extent practical in the following catego-

ries:

i) Receiver Thermal Losses

2a) Engine Thermodynamic Losses

2b) Engine Mechanical Losses

3) Alternator Power Losses

4) Auxiliaries and Controls Power !_equirements and Losses

The losses in the receiver are covered in detail in Appendix I. Since the

receiver operates at constant temperature the loss is essentially independent of

power level. For the final conceptual d:_sign with a nominal receiver temper-

ature of 700°C the loss is 6.2 kWt (i.e. receiver efficiency 91.7% at the design

point). For the baseline temperature of @00°C, which was being considered up to

the P.D.R., the corresponding loss was 7.5 kWt (i.e. 90% efficiency).

The performance of the alternator is cove_'ed in Section 6 and the performance of

the auxiliaries along with the design of the subsystems to control the dynamic
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behavior of the engine is covered in Section 7. Emphasis in this section will be

on optimizing the engine thermodynamics and mechanical (shaft) power.

For a heat engine operating on the Stifling cycle the maximum efficiency theore-

tically attainable is the Carnot efficiency given by:

ETA (Carnot) = (TH-Tc)/T H

where T H is the temperature of the heat source

T C is the temperature of the heat sink

The heat source in the solar engine is the sodium which condenses on the heater

tubes. This is 700°C in final design (800°C in the preliminary design). The

heat sink is the engine cooler.

At the design point the average temperature of the metal outer wall in the cool-

er is estimated to be 30°C above the ambient air temperature due to temperature

drops in the cooling system. Ambient air temperature is assumed to average

30°C. This results in a design point cooler wall temperature of 60°C (333°K).

For simplicity this was conservatively assumed to be constant over the full

operating range. The nominal temperatures of the heater tube surface and cooler

tube surface are 973°K (700°C) and 333°K (60°C). These values result in a

Carnot efficiency of 65.8%, hence the maximum theoretical power from an ideal-

ized engine is 68.8 x .658 = 45.3 kW. The objective is to design the engine to

convert as much of this available energy as is practical to shaft power at the

alternator plunger.

The basic thermodynamic analysis of the Stifling cycle utilizes the HFAST

computer code, which has been developed at MTI over the past few years. The

latest version of this code has been correlated against experimental measure-

ments on both free-piston and kinematic engines. These cover a wide range of

pressure level, pressure amplitude, and temperature ratio with both helium and

hydrogen as working gases. In addition to gross correlation such as power and

efficiency, the code also correlates well against engine pressure amplitude and

heat exchanger temperature distribution in SPDE. Temperature correlation has

been a major factor in understanding and predicting engine performance. There

are still uncertainties in the accuracy of analytical predictions on Stifling
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engine thermodynamics, particularly for a new design which has conceptual

differences from engines that have been tes:ed. HFAST predictions for the solar

engine should be reasonably accurate since it has some inherent advantages over

the space engine with regard to loss predictions. These are:

Temperature Ratio

Pressure Level

Frequency

3.0 vs. 2.0

105 Bar v_. 150 Bar

60 Hz vs. 100 Hz

The HFAST code can be coupled to an opti_nization routine, a gas spring loss

calculation routine, and an input generation routine to select an optimum set of

engine parameters within prescribed limits _hich maximize the shaft power deliv-

ered to the alternator. A system dynamites routine is also coupled into the

overall solution to adjust parameters such as gas spring volumes, and moving

element masses to produce the optimum strokes and phase of the moving elements.

This routine also determines the dynamic behavior at various power levels above

and below the design point from which the power performance at these conditions

is determined.

The engine efficiency is almost constant from 30% to 115% of the design point

power level. System efficiency is not quite so flat because thermal losses from

the receiver and losses associated with cooling and control subsystems become

significant at very low power levels. Sin_:e only a small fraction of the avail-

able energy is at insolation levels below 300 watts per square meter, the

seasonal efficiency of 29% is only about 2% below the design point efficiency.

Table 4.2 summarizes the engine parameters selected to optimize the engine

performance. Table 5.5 summarizes the power losses and efficiencies at the

design point for the baseline engine pres_nted at the preliminary design stage

(heater temperature 800°C) and the final d,_sign (heater temperature 700°C).

Figure 5.11 shows the seasonal performance for TH=700C The curve shows the annu-

al distribution of insolation at the colle:tor, thermal power into the receiver,

thermal power into the engine and electrical power delivered to the grid. The

annual energy to the grid for the final d_sign (700°C - sintered regenerator -

S.S. piston) is calculated to be 59,200 kWh/yr or 29% of the total energy avail-

able to the receiver.
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6.0 LINEAR ALTERNATOR DESIGN AND ANALYSIS

6.1 Introduction

Two alternator concepts were identified in the proposal as being potentially

suitable for the ASCS application. These are referred to as:

i. Permanent Magnet Alternator

2. Saturated Plunger Alternator

Designs based on each concept were gener;_ted and evaluated. The permanent

magnet concept, using Neodymium-Boron-lron magnets was selected at the prelimi-

nary design stage and has been retained in th_ final conceptual design.

Figure 6.1 shows a comparison of cross-sections of each alternator type for the

ASCS application.

The PM alternator consists of inner and outer stator cylindrical stators with a

single AC output coil wound cylindrically ir the outer stator. The PM plunger

consists of three cylindrical magnet rings. The two outer ring are magnetized

radially outward and the center ring is magnetized radially inward. The magnets

in each ring are segmented cylindrically to reduce magnet eddy currents. When

the plunger is fully to the left, the magnet flux links the AC coil in a clock-

wise direction primarily as a result of flux genrated by the middle magnet

(under the left pole) and the right outer magnet (under right pole). When the

plunger is fully to the right, the flux link_i the AC coil in a counter clockwise

direction due to the effect of the left outer and middle magnets. When the plun-

ger is at the center position the magnet fluxes link each through the poles

without linking the AC coil. As the plun_er reciprocates sinsuoidally, the

variation in magnet flux linking the AC coil _enerates a periodic voltage in the

coil. This voltage is refered to as the generated voltage and is refered to

Egen.

The saturated plunger alternator similarly co:_sists of inner and outer cylindri-

cal stators with a reciprocating plunger in l:he radial gap between the stators.

However, the saturated plunger alternator has two cylindrical AC output coils
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wound in the outer stator and, in addition, I DC coil wound in the outer stator

in the region seperating the two AC coils. The saturated alternator plunger

does not use permanent magnets, rather it's a_tive magnetic material consists of

laminated soft iron elements located under the stator pole regions. The

elements are designed to saturate at moderate induction levels (1.3 Tesla), and

the AC and DC coil amp-turns are selected so that the plunger iron under the pole

regions remains fully saturated during alternator operation. (Typically, this

requires that the AC amp-turns be limited to somewhat less than half the DC

amp-turns during normal alternator operation.) This is refered to as "fully

saturated" operation, and this operating mo_e is chosen to limit the alternator

inductance.

When the saturated alternator plunger is fully to the left, the magnetically

active zones are located under the left poles of each AC coil, and the DC coil

flux primarily links the left AC coil. When the plunger is fully to the right,

the magnetically active zones are under the right poles of each coil, and the DC

coil flux primarily links the right AC coil. Becuase the flux linkage switches

back and forth between the left and right AC coils with plunger motion, the

alternator is called a flux switching (as opl)osed to a flux reversing) design.

As can be seen from Figure 6.1, the PM and saturated plunger designs are differ-

ent in size, with the saturated plunger being approximately three times as

large. The reason for the size difference can be justified by noting that the

saturated plunger alternator can be consi_ered to made up of three parts: two

end parts which are similar in size and shape to a single PM alternator, and a

middle section. The end sections containing the AC coils are similar in size

and shape to PM alternators, but each generates about half the output of a simi-

lar sized PM unit because of the flux switching as opposed to flux reversing

characteristic of the saturated plunger m_chines. In addition to the two AC

units, the saturated plunger alternator _equires a DC coil region to generate

the DC flux needed to energize the plunger elements. This DC coil region is

about the same size as the two AC units, and consequently the overall alternator

is about three time as large as a single eqt_ivalent PM unit.

In addition to size, the PM alternator tends to be more efficient then the satu-

rated plunger machine. This is primarily the result of the additional copper
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losses associated with the using the DC coil and the additional AC coil on the

saturated plunger machine.

In selecting the PM alternator over the saturated plunger alternator, the prima-

ry selection criteria used was life cycle cost, and specifically the cost of the

magnet on the PM alternator versus the cost of lost output power on the lower

efficiency saturated plunger machine.

6.2 Permanent Magnet Alternator

6.2.1 Alternator Description

The permanent magnet alternator for the solar FPSE shown in Figure 4.1 is a

monocoil design similar to that used in SPDE. It consists of four basic

elements: an outer stator, an inner stator, an AC coil, and an armature carrying

the permanent magnets. The alternator is mounted outside of and concentric with

the power piston cylinder. The AC coil is packaged in the outer stator, and the

armature is cantilevered off the rear of the power piston.

6.2.2 PM Alternator Configuration Selection

Figure 6.2 shows three potential permanent magnet alternator stuctures. These

three structures are related in a simple fashion: the second evolves from the

first by adding two wing mangers to the center magnet, and the third evolves

from the second by widening the coil opening and lengthening the center manger.

(The SPDE alternator can be considered as a further evolution of the third in

which the coil is further widened with the center manger consequently split into

two mangets seperated axially by a nonmangetic spacer.) Comparatively, for

magnets strongly susceptable to demagnetization, the upper configuration will

typically have the highest plunger mass, the mid-configuration the least, and

the bottom configuration an intermediate value. On that basis, i.e., demagneti-

zation, the mid-configuration is preferaSle. However, as a result of the large

AC leakage fluxes associated with the tapered portion of the coil slot, the

inductance of the mid-configuration will typically be higher than that of the

bottom configuration (and significantly so in large gap machines of the type

proposed). The leakage reactance can be reduced by opening the bottom of the

coil slot and moving towards the bottom configuration. However, as indicated
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previously, this requires increasing the length (i.e. mass) of the center

magnet, and consequently the mass of the plunger.

For the solar engine system, a configuration lying between the mid and bottom

configurations has been selected. This configuration retains the higher resist-

ance to demagnetization of the two lower configurations, while effecting a

compromise between the lower plunger mass of the mid-configuraion and the lower

reactance of the bottom configuration.

6.2.3 Magnets and Demagnetization

The alternator design utilizes Neodymium-lron-Boron magnets. These magnets are

somewhat more powerful than Samrium Cobalt magnets, at [east in terms of resi-

dual induction and peak energy product, and have the added advantage of being

made from more available and, hence, potentially lower cost materials. The

fabrication process for these magnets involves six basic steps: generation of

alloy in finely powdered form; pressing (at room temperature) into rough shape

(typically at 60 to 80 kpsi in a magnetic field); sintering in a inert gas or

vaccum furnace (typically a controlled time temperature process extending over a

period of i0 to 12 hours with a peak temperature of ii00 degC), abrasive machin-

ing; magnetization, inspection, and grading; and finally, armature installa-

tion. Shinkage of the magnets during the sintering process prevents the direct

casting of fine details.

Despite the higher relative induction of NIB magnets relative to Samarium Cobalt

magnets, they have significantly lower demagnetization resistance; higher

temperature sensitivity (i.e., the residual induction and demagnetization

resistance decrease per degree of temperature rise is relatively high); and the

usable temperature limit for NIB magnets (150 degC) is much less than for SaC

magnets (greater than 300 degC). Of the above, reduced resistance to demagneti-

zation has the biggest impact on solar alternator design.

Demagnetization refers to the loss of magnetic induction which occurs when a

demagnetizing field is imposed on the magnets. Typically the loss in residual

induction is quite small until the demagnetizing force becomes large enough to

push the magnet past the "knee" on the demagnetization curve, after which

significant irreversible or permanent demagnetization occurs rapidly with
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increasing field strength. In the proposed permanet magnet alternator, a

demagnetization field is applied to the magnets by the AC coil when the flux

induced by the AC coil is opposed to the magnetization direction of a given

magnet. Since the strength of the demangetization field depends on the AC coil

current, the alternator is designed to avoid demagnetization for fault condi-

tions as well as normal operation. This requires restricting the magnitude of

the operating demagnetizing field strength _3o that demagnetization does not

occur under the worst fault condition, or limiting the current by suitable

external circuitry. This is discussed further in Section 7.5.

Alternator shorts normally generate the worst demagnetizing transients, and

typically the worst short is a short across the output wires just downstream of

the alternator tuning capacitor. (A short in this location results in an alter-

nator circuit with very low series impedance which, for fixed alternator stroke,

would result in a rapid rise in alternator cu'rent to very high values.) Fortu-

nately_ a short at this location overdamps the engine and hence results in an

engine shutdown. The alternator current rise_ during the first few cycles after

the short, and then quickly decays with the d_caying piston stroke. A transient

anlysis of this process indicated that the short results in approximately twice

the steady state current prior to the first current zero crossing, and has a

peak transient current equal to approximately three time steady state value.

The worst time for the short to occur is o_ a hot day (the magnets are more

suseptable to demagnetization at higher temperatures), and at peak insolation

conditions (the steady state current is highe_;t at this condition).

Limiting the steady state demagnetization fi_id is equivalent to limiting the AC

flux density, Bac , induced by the AC coil current in the alternator pole region.

Limiting Bac reduces the power output of the alternator and adversely effects

the alternator specific power. The value to which Bac must be limited to avoid

demagnetization can be raised by:

i. selecting an alternator structure _4hich has an inherently high resist-

ance to demagnetization

2. using magnets with a relatively higi_ resistance to demagnetization

3. operating the magnets at lower _emperatures (i.e., increasing the

effectiveness of the back end cooli:ig system)
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4. placing an active or passive current limiting device at the alternator

output terminals.

5. designing the alternator so that the iron saturates as and inhibits

demagnetization at AC current levels which would normally result in

demagnetization without saturation.

6.2.4 Inductance and Coil Loss Considerations

In a given alternator design, the AC flux density (and hence magnet mass) may be

limited by considerations other than demagnetization; i.e.:

i. alternator inductance

2. stator pole face saturation

3. AC coil loss

For the Solar application, coil inductance is limited by stability consider-

ations as discussed in Section 7.2. The stability requirement is typically

stated nondimensionally in terms of the ratio of the inductive voltage drop in

the AC coil, Vi, to the magnet induced voltage Egen. This ratio is called the

alternator "beta". For a given alternator operating at fixed stroke and

frequency, Egen is fixed. For these conditions, the power output, the coil

inductive voltage, and hence "beta." are proportional to the coil current. If

the alternator is "inductance limited", then the coil current, and hence the

power output, must be limited to values consistant with the allowable _ value.

In the proposed alternator, despite the upper limit on alternator inductance

imposed by stability considerations, demagnetization is the more limiting AC

flux density consideration. (From an inductance viewpoint Bac=0.75 Teslas is

acceptable, whereas simple demagnetization considerations in the proposed

design limit Bac to approximately half this value.)

The proposed design utilizes the first two of the above elements to reduce the

impact of demagnetization considerations. It utilizes magnets with a high

magnetization resistance ( e.g. NEO 30H from Thomas & Skinner, Inc.); and antic-

ipates employment of a relativley effective aft end cooling system (the magnets

are assumed to operate at 60 degC (140degF) at the 95 degF day operating point).
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Demagnetizing currents due to fault conditions can be controlled by incorporat-

ing a current limiting circuit in the system A simple circuit built around a

TRIAC switching is one simple way of performin!_ this function.

6.2.5 Design Calculations

Design calculations were performed to select the size and geometry of the

magents, coil and iron structures. The sidepull gradient was also estimated.

The final geometry was selected to optimize _Llternator efficiency while meeting

the constraints on power, inductance (engine stability) and cost (weight of

magnets).

The results of these calculations are shown i l Tables 6.1, 6.2 and 6.3.
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Table 6. I

ALTERNATOR SUMMARY

• Electrical Output

- 30 kWe

- 60 Hertz

- 240 Volts

- Mechanical Input

- 31.9 kWe

- 60 Hertz

- Linear Reciprocating

- 36 mm Stroke

• Efficiency- 94%

• Structural- Floating P.M. Design Similar to SPDE

• Salient Features

- NIB Magnets (Low Cost- Availability)

- Low Inductance (B = 1.0)

- Light Weight (2 Kg/Kw)
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Table 6.2

DESIGN PARAMETERS

• Frequency

• Stroke

• Magnets

• Br

• Hci

-K

• Demag SF

• Dp

• M mag

• M outer

• M inner

• M copper

• M total

• Specific mass

60 hertz

36 mm

NiB-30H @ 60°C

1.1 Tesla

13 KOe

1 05

1.0 (Vi/Egen)

.346 (Bac/Br)

3.0

.279 m ('11 inches)

:7.4 Kg (i7.4 Ibm)

34.6 Kg (76.2 Ibm)

10.9 Kg (24.1 Ibm)

7.3 Kg (16.0 Ibm)

60.7 Kg (134 Ibm)

2 Kg/Kw (4.5 lbm/Kg)
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7.0 SYSTEM DESIGN CONSIDERATIONS

In this section the system design considerations of the basic ASCS system are

presented. The material presented includes a brief description of the major

subsystems, a description of the dynamic behavior of the power module during

normal operation, a review of system requi_-ements and the conceptual design

approach to meet these requirements, a description of system performance, and

finally a description of system start-up, n(_rmal shut down and emergency shut

down procedures.

7.1 System Overview

From overall system operation consideratio_s, the basic ASCS system can be

conveniently divided into four major subsyster_Is, which are:

i. Heat supply subsystem

2. Power module subsystem

3. Heat reject subsystem

4. Control subsystem

The heat supply subsystem consists of a rece vet and a thermal energy transport

medium. The purpose of the receiver is to r_.ceive concentrated solar flux from

the collector and convert it efficiently into thermal energy. The resultant

thermal energy is transfered to the engine i)y evaporation of liquid sodium at

the receiver surface and condensation of ;odium vapor on the engine heater

tubes. The receiver surface is provided with heat pipe wicks to ensure distrib-

ution of liquid sodium over the entire receiver surface.

The purpose of the power module is to convert the thermal energy supplied to the

engine heater tubes into electrical power and to feed that electrical power into

the utility grid. The power module consist; of a displacer type free piston

Stifling engine directly connected to a linear alternator. The linear alterna-

tor is connected to the grid in series with a tuning capacitor and an autotrans-

former.
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The purpose of the heat reject subsystem is to remove waste heat from the power

module (engine and alternator) and to 7eject it to the atmosphere. The heat

reject subsysytem is a standard closed ic:op cooling system consisting of a radi-

ator, blower fan, coolant pump, and tw_ parallel coolant loops; one for the

engine cooler and the other for the alternator stator. A schematic drawing of

heat reject subsystem is shown in Figure 7.1.

The purpose of the control subsystem is _o maintain proper operation of the ASCS

within the system reqirements under normal operating conditions, and to respond

automatically to major and minor system faults. The control subsystem consists

of i) an autotransformer, which modulates the engine heater heat flux rate to

match the solar insolation rate received by the receiver, 2) radiator fan motor

on-off control which allows safe and !)roper ASCS operation over the desired

ambient temperature range, and 3) a solenoid operated pneumatic valve in the

engine to kill the engine if electrical control is lost.

7.2 Power Module Dynamic Behavior

Figure 7.2 shows the block diagram of t|_e ASCS power module consisting of a free

piston engine coupled to a permanent magnet linear alternator.

The free piston engine consists of twc moving parts: a displacer piston (mass

M d) and a power piston (mass Mp). Eac_ piston is acted on by their respective

gas spring dynamic elements. In addition, the two pistons dynamically interact

with each other through the engine wo king gas. The motion of the displacer

piston and power piston result in a pressure wave which lags the piston motion.

The amplitude and the phase angle of the pressure wave are defined by the volu-

metric displacement of the two pistons, the working gas temperature profile, and

the parasitic losses in the engine working spaces. The pressure drop in the

engine heat exchangers results in pressure waves in the compression and expan-

sion spaces (Pc and Pe respectively) w_lich are slightly out of phase with each

other. The cycle power available at the power piston is proportional to the

vector dot product of compression space pressure wave and power piston velocity.

The heater heat flux rate required b]_ the engine is proportional to the dot

product of the expansion space pressure wave and the displacer velocity, and to

the first order is independent of he_ter temperature. Therefore, a change in
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heater heat flux rate requires either a c_ange in engine mean pressure or a

change in volumetric displacement of the displacer or power piston. In the

present ASCS the engine heater heat flux rate is matched to the solar insolation

rate by modulating the volumetric displa::ement of the displacer and power

piston. This action is performed by an autotransformer as mentioned earlier.

The alternator is a permanent magnet linear alternator with plunger rigidly

coupled to the power piston. The alternator block diagram shown in Figure 7.2

depicts two parallel electrical loops; one for the iron core circuit and the

other for the copper coil circuit. As show:_ in Figure 7.3, the linear alterna-

tor is connected to the utility grid in series with a tuning capacitor and an

autotransformer. The need for a tuning capacitor arises from stability consid-

erations, which is discussed next.

During transient operation, rate of change of engine power is primarily a func-

tion of rate of change in the displacer stroke and therefore is defined by the

displacer time constant (displacer mass an_ stiffness). The rate of change of

power dissipation is primarily a function o! rate of change in the load current,

and therfore is defined by the electrical circuit time constant (inductance and

capacitance in the electrical circuit). Stable operation requires that the rate

of change in power dissipation be higher than the rate of change in power gener-

ation. Therefore, stable engine-load inter_ace can be ensured by maximizing the

displacer mass (slow down the engine) anl minimizing the electrical circuit

inductance (increase the electrical circui: response). However, higher displa-

cer mass results in higher gas spring losses and/or larger displacer gas spring

piston area and volume. Lower alternator inductance requires thicker magnets

and therefore higher piston gas spring lo_ses and/or larger piston gas spring

area and volume. A measure of the alternator inductance is the ratio between

the voltage drop in the inductance and th_ magnet induced voltage (alternator

generated voltage). This ratio is referred to as "alternator voltage ratio -

B". Dynamic analysis of the conceptual de!_ign indicated that without a series

capacitor in the circuit alternator voltage ratio has to be less than or equal

to 0.5 for stable operation. With the capacitor in the circuit, the system is

stable for alternator voltage ratio of less than or equal to 3.

For alternator voltage ratio of 0.5, tKe alternator size became excessive.

Overall system performance studies indicated that alternator designed with
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voltage ratio of 1 resulted in a a good com_romize between performance, stabili-

ty and weight (alternator plus capacitor).

The following describes the power module-load interaction. The alternator plun-

ger motion results in a change in coil flux linkage which induces voltage in the

coil, Eg, at a frequency equal to that of _he plunger oscillation. The product

of Eg and Ig (coil current) is the shaft power of the alternator which is

supplied by the engine. Since a permanen_i magnet alternator does not employ

seperate field excitation, the magnitude _f Eg can be changed only by varying

the velocity of the plunger (same as the power piston velocity since the two are

rigidly coupled). For fixed frequency operation Eg is therefore linearly

proportional to the piston displacement amplitude. For a grid connected system,

the engine/alternator behaves essentially as an externally excited vibratory

system with the grid voltage acting as a sy_;tem forcing function. During steady

state operation, the following dynamic char_Lcteristics hold true:

• The amplitude of oscillation of the displacer and power piston is propor-

tional to the grid voltage (or the voltage applied at the alternator

terminals if a transformer is placed between the power module and the

grid). This is because the power piston motion is proportional to Eg,

and in turn Eg is proportional to t_e voltage supplied at the alternator

terminals.

" The frequency of oscillation is equel to the source (grid) frequency.

By changing the turns ratio of the autotransformer, voltage V l (see Figure 7.3)

is varied which results in power piston (and displacer piston) stroke variation.

This results in control of heater heat flux demand.

The engine and the alternator are enclosed in a casing (mass M c) which is

supported on a soft mount. The purpose of the soft mount is to minimize vibrato-

ry force transmission to the solar concentrator dish. The soft mount consist of

12 low alloy steel rectangular plates (4.5" x 8.0" x .12") with a total stiff-

ness of 3000 ib/inch. The plates have a mean strss of 45 ksi and undergo a maxi-

mum alternating stress of 5 ksi.
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The displacer and power piston motion in a single cylinder free piston Stifling

engine impose a net vibratory force on the engine casing. To limit the casing

vibration to an acceptable level (defined by the maximum"g" loading that the
receiver and thermal transport subsystem can tolerate) a vibration absorber

(Mass Mb) has been included. The vibration absorber consists of an absorber

massand mechanical springs as shownin Figure 7.4. The effective reciprocating
massof the absorber is i00 Ibs; 75 Ibs of moving massand 25 ibs contributed by

the compression springs. For an undampedabsorber, if the natural frequency of

the absorber is equal to the system operating frequency, the net force acting on
the casing is zero for all operating conditions. If the operating frequency
drifts from the absorber natural frequency, the casing will vibrate, and the

amplitude of vibration for a given change in frequency will depend on the mass
ratio between the absorber and the casing.

The above describes the dynamic behavior of the system under normal operation.

7.3 System Requirements and Performance

Table 7.1 lists the major system requirements along with the approach taken to

meet these goals. The following section describes the ASCS predicted perform-

ance and shows that the proposed design meets the system requirements.
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Table 7. I

SYSTEM REQUIREMENTS AND CONTROL

THERMODYNAMIC

Solar insolation range 0 - 85.8 kW

-6C to 33C operation

Coolant freeze protection to -29C

ELECTRICAL

Auto Transformer

Fan control

Inherent

Power factor greater than 0.85 inductive

Harmonic distortion less than 2.5%

Operating frequency variation +-1%

Inherent

Inherent

Inherent

CONTROLS

Automatic start-up and shutdown

Emergency shutdown

Auto Transformer

Automatic

MECHANICAL

667N net unbalanced force to mounts Soft mounts

Vibration absorber
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7.3.1 Solar Insolation Operating Range

The ASCS is required to operate over a solar insolation range as shown in Table

5.4. This results in a heat energy input to the receiver from 0 to 85.8 kW with

the nominal design point of 75 kW.

As solar insolation changes from the design level, the engine operation has to

be adjusted to avoid a large change in the engine heater temperature. As

mentioned in the above the autotransformer is provided to control the heater

head temperature as shown schematically in Figure 7.5. Qrec is the solar inso-

lation into the receiver. Qhtr is the heat flux rate absorbed by the engine.

Tht r is the average heater temperature, and Tse t is the desired temperature of

the heater. If Qrec increases due to higher solar insolation, Tht r increases

which sends a positive error signal to the motor of the autotransformer. This

signal in turn moves the transformer brush to increase the turns ratio thereby

increasing the voltage amplitude at the alternator terminals. The variable

autotransformer is connected as shown on Figure 7.3.The alternator voltage is (

Nv/N0)/ Vgrid-

Increased voltage at the alternator terminals increases the power piston and

displacer amplitude resulting in increased Qhtr which lowers the error signal.

If Qrec decreases, a negative error signal results, and the sequence of opera-

tion is reversed resulting in decrease in Qhtr. This is a very simple control

scheme which maintains high engine cycle efficiency over a large operating

range. Figures 7.6 thru 7.10 show system efficiency, cycle efficiency, power

supply to grid, power factor, and displacer and piston amplitudes, displacer

phase angle and transformer turns ratio plotted against solar insolation

absorbed by the receiver. These plots show that:

• ASCS produces net electrical power at a receiver heat input as low as 13

kW. ASCS can accept a maximum receiver input of 94 kW.

• Engine themodynamic cycle efficiency is essentially flat over the whole

operating range.

• Power factor is close to unity over the whole range.
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7.3.2 Operation Over Ambient Temperature Range

The ASCS is required to operate over an ambient temperature range of -6°C to

33=C. (The ASCS is designed to operate to over 40°C.) Coolant freeze

protection is required to -29°C. A 50-50 water glycol solution is used as

coolant which has a freezing point of -34°C and boiling point of 120°C.

A free piston Stifling engine is sensitive to the variation in ambient temper-

ature due to the effect of compression space and cooler temperatures on engine

mean pressure. A change in mean pressure affects the natural frequency of the

displacer and the power piston which causes a change in engine dynamics. As

ambient temperature increases from the nominal design level, the engine mean

pressure increases resulting in a higher displacer-to-piston phase angle, caus-

ing higher volumetric displacement. As ambient temperature decreases from the

nominal level, the engine mean pressure decreases resulting in a lower displa-

cer-to-piston phase angle, causing lower volumetric displacement. Therefore as

ambient temperature decreases the capability of the engine to absorb solar inso-

lation decreases. The sensitivity of the engine to variation in ambient temper-

ature can be reduced by providing controls which ensure proper engine dynamic

operation over the whole ambient temperature range. The possible control

schemes are:

• Engine mean pressure control

• Displacer or piston gas spring control

• Cooler metal temperature control

Based upon cost and reliability considerations cooler metal temperature control

was selected and is discussed next.

The ASCS nominal design point ambient temperature is 30°C. At 30°C ambient

temperature the engine average cooler wall temperature is about 60°C. The heat-

er wall average temperatuxe is 700°C for all conditions.

Figure 7.11 shows a plot of engine mean pressure at various ambient temper-

atures. Figure 7.12 shows a plot of the maximum solar energy that the ASCS (with

out cooler wall temperature control) can absorb at various ambient temperatures.

At ambient temperature levels of 20°C and above the ASCS can absorb the maximum
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required solar insolation. Below 20°C the c_pabil[ty of the engine to absorb

solar insolation decreases with decreasing am_ient temperature. This is mainly

due to decrease in displacer-to-piston phase a_gle as shown in Figure 7.13. The

decrease in displacer phase angle is due to the reduction in the engine mean

pressure which is caused by the lowering of the cooler wall temperature at lower

ambient temperatures. Therefore a simple means of maintaining the desired heat-

er heat flux rate at all ambient temperatures is by not allowing the cooler wall

temperature to drop below 50°C (cooler wall temperature corresponding to 20°C

ambient temperature) as shown in Figure 7.14. For low ambient temperature

conditions, the cooler wall temperature will be held at about 50°C by on-off

control of the radiator fan. This scheme is shown in Figure 7.15. The cooler

wall temperature is compared to the desired minimum wall temperature, and if the

resulting error signal is negative the radiator fan is turned off and if the

error is positive the radiator fan is turned o_i.

7.3.3 Sensitivity to the Grid Frequency Variation

The ASCS is required to operate over a frequet_cy range of 59.4 hz to 60.6 hz. As

mentioned earlier the ASCS is provided with _ vibration absorber tuned to 60 hz

frequency. Therefore at 60 hz the casing vi!)ration and vibratory force trans-

mission to the concentrator dish is negligibly small. If the operating frequen-

cy drifts from the vibration absorber natural frequency, the casing vibration

amplitude will increase.

Figures 7.16 a thru f show the sensitivity ¢f the following parameters to vari-

ation in operating frequency (these plots are predicted for the autotransformer

turns ratio set at 1.0).

• Casing motion amplitude,

• Vibratory force transmission to the s_ructure holding concentrator dish,

• "g" loading on the receiver and heat transport subsystem due to casing

motion,

• solar insolation absorbed by the rece_iver (thermal energy absorbed by the

engine plus receiver losses),
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• power delivered to the utility grid, _nd

• power factor.

The following is concluded from the above plcts:

• The maximum vibratory force transmitted to the concentrator dish struc-

ture is well below the maximum acceptable value of 667 newtons.

" The maximum loading on the receiver is about 5 g's which has been assessd

to be within acceptable levels.

• At 60.6 hz operating frequency the maximum thermal energy that the

receiver can absorb is 63 kW at a turns ratio setting of 1.0. At a turns

ratio of 1.2 , 90 kW of thermal energy can be absorbed.

• The power factor is well above 0.8! over the whole operating frequency

range.

7.3.4 Harmonic Distortion

Free piston Stifling engine generator syst_ms inherently have very low harmonic

distortion in the alternator line voltage and current. Low harmonic distortion

is due to low low engine pressure amplitude, high power piston inertia and line-

ar characteristics of the permanent magnet linear alternator.

For the ASCS system, because it is 'slaved' to the utility grid, voltage at the

ASCS electrical terminals is the same as th_ grid.

Table 7.2 lists the measured voltage and current harmonics at the SPDE alterna-

tor terminals. The total harmonic distortion in the alternator line current is

1.52%.

The current harmonic distortion in the ASC:_ is expected to be even less than the

SPDE measured value because the SPDE alt_rnator was connected to a resistive

1¢1



Table 7.2

TOTAL HARMONIC DISTORTION - SPDE

Harmonic # Voltage Current

Amplitude Phase Amplitude Phase

711.71 27.95 55.40 96.34

2 1.62 95.51 0.20 -52.10

3 9.25 110.74 0.77 123.20

4 0.54 -24.42 0.10 142.87

5 1.84 -136.14 0.26 1"/6.35

Total Harmonic

Distortion

1.35% 1.52%
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load through a rectifier circuit which introduces higher harmonics than an auto-

transformer grid connection.

7.4 Start-up and Shutdown Procedures

In this section an overview of the system operation for a typical day is

presented. System start-up and normal s_lutdown procedures are outlined, and

system response to a cloud passage is described.

7.4.1 Start-up

Grid connected engines are inherently easy to start since the grid itself

provides the required start-up excitations. The ASCS is particularly easy to

start because of the following capabilities; provided to the system:

• In the engine shutdown mode_ the displacer piston and power piston are

passively centered at their mid-stroke position. The centering force for

the power piston is provided by the alternator plunger magnets. The

displacer centering force is provided by magnets attached to displacer

gas spring pistons.

• Bearing spin motor is continuously run, even in the shutdown mode, to

minimize start-up and shutdown sur!ace contact wear.

• The autotransformer, placed betwe_n the alternator and the grid, changes

the alternator terminal voltage amplitude in a continuous and smooth

manner from zero to full load voltage, thus limiting the start-up tran-

sients to very low levels.

Normally the system is started after an overnight shutdown. Before the

start-up, the receiver is off the solar disk, the heat input and heat reject

subsystems are in shutdown mode, the ASC_; system is disconnected from the grid,

and the autotransformer turns ratio is set at zero. Depending on the receiver

temperature, the heat transport medium, s_dium, may be in liquid or solid phase.
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If sodium in the receiver reservoir is in the solid phase (identified by the

reservoir temperature), it is melted with electrical heater elements (see Appen-

dix I for a discussion of the details).

The ASCS system is next connected to the grid and the coolant pump is turned on.

A signal to the autotransformer motor moves the brush from zero turns ratio to

0.5 turns ratio (start-up turns ratio). This process takes about a few seconds.

In this mode, the piston stroke is about i0 mm, and depending upon the ambient

temperature_ the displacer stroke is about 4 to 6 mm, the displacer-to-piston

phase angle is between -10°C to +10°C , and a maximum of about 2 kW electrical

power is supplied from the grid to the alternator. Because of the low displa-

cer-to-piston phase angle, the engine operates in a gas spring mode. Out of 2 kW

electrical power supplied, 1.5 kW is rejected by the cooler to the cooling

subsystem and 0.5 kW is rejected by the hetar to the heat transport subsystem.

The solar insolation is next focused on to the receiver. The heater head

temperature starts to rise. When the heater head temperature reaches about

200°C (heater head temperature at which the ASCS system self sustains), the

control subsystem (heater temperature control and radiator fan motor on-off

control) is activated. With engine on the grid, normal control operation will

control the engine in response to the low heater head temperature, and the heat-

er head temperature will continue to rise until it reaches the steady state

reference design set value (700°C). The radiator fan will start automatically

when the cooler wall temperature rises above the set level of 50°C. This

completes the start-up process (from shutdown mode to steady state operation).

As is evident the start-up procedure is simple and will be automatically

controlled with a single push button start.

7.4.2 Shutdown

The normal shutdown process is initiated automatically by the autotransformer.

At solar insolation of about 13 kW to the receiver the autotransformer turns

ratio is about 0.2 and the ASCS system is barely self sustaining. The minimum

turns ratio during engine operation is set at 0.2, and therefore as solar inso-

lation to the receiver drops below 13 kW, the heater head temperature begins to

drop. When the head temperature reaches 200 C, the control subsystem prompts
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the field operator for a command to commen:e shutdown process (this is to avoid

complete system shutdown triggered by passing clouds).

If the operator response is negative (standby command, cloud cover expected for

only short period of time), the ASCS systen_ continues to operate at about 20% of

power piston stroke, and heater temperature continues to drop till it reaches a

steady state value (slightly above ambient temperature). In this mode of opera-

tion electrical power (few hundred wattle) is supplied from the grid to the

alternator. After the clouds pass, the solar insolation to receiver increases,

heater head temperature starts to rise. The heater temperature control scheme

modulates the piston stroke to match the soiar insolation to the receiver.

If the operator response is positive (sh_t down command), the control system

automatically switches the transformer _)rimary winding from the grid to an

auxilliary resistive load. The heat reject system continues to operate until

the engine temperature falls below a selected level to avoid cold side hot soak.

The above shutdown process is the normal response to low solar insolation.

Shutdown can be initiated intentionally _emergency shutdown) by pointing the

collector off the solar disk and then following the low solar insolation shut-

down procedure.

7.5 Fault Protection

To automatically respond to abnormal operating conditions, the ASCS system has

been provided with the following fault sensors which are continuously monitored

by the system controller.

i. Heater and receiver temperatures

2. Cooler wall temperature

3. Casing acceleration

4. Autotransformer primary and secondary voltage and current
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As a part of the fault protection system the ASCS power module is provided with

electrical and pneumatic power module "kill" mechanisms which are activated by

the system tontroller.

The electrical "kill" mechanism is an auxiliary load resistance as shown in

Figure 7.3. Switching of the autotransformer primary winding from the grid to

the auxilliary resistance will stop the engine even if it is operating at the

maximum power level.

The pneumatic "kill" mechanism is a solenoid operated valve, which when open,

connects the compression space to mean pressure volume thus providing enough

damping on the displacer and power piston to almost instantaneously stop the

engine.

7.5.1 Fault Responses

High heater temperature is an indication of power module malfunction. Loss of

the engine working fluid and/or mechanical seizure of displacer or power piston

will result in high heater temperature. The controller will respond by commenc-

ing the emergency shutdown procedure.

High receiver temperature can also result from failure of concentrator tracking

system. In the event of loss of track, the solar disk will gradually move off

the aperture and across the face of the receiver, resulting in high receiver

face plate temperature. The controller will first respond by starting the

receiver coolant flow (receiver face plate cooling has been included in the

conceptual design) and then will commence the normal shutdown procedure.

High cooler wall temperature can result from malfunction in the cooling subsys-

tem (coolant leakage, breakdown of radiator fan or coolant pump motor). The

controller will initiate the shutdown procedure.

Abnormal casing acceleration can result from malfunction of the vibration absor-

ber or overstroking of the displacer or power piston. The controller will acti-

vate the engine damping valve and initiate the shutdown procedure.
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In case of an alternator coil open circuit:, the alternator line current will

drop to zero, which will signal the contr(_ller to activate the engine damping

valve and start the emergency shutdown procedure.

If the autotransformer turns ratio is abov(: 0.2 and the heater head temperature

is in the normal operating range, flow of l)ower from the grid to the alternator

will signal a power module malfunction (aLternator short circuit, mechanical

seizure of the displacer or power piston, ()r leakage of engine working fluid).

The controller will start the emergency shutdown procedure.

Zero rms current flow at the primary windi_g of the autotransformer can result

from open circuit in the utility grid. T!_e controller will connect the power

module to the auxiliary load resistance an,i then will start the emergency shut-

down procedure.
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8.0 DEVELOPMENT STATUS AND NEEDS

8.1 IntrDduction

A program leading to the commercialization of a 25 kW free-piston Stifling

engine would proceed through various stages.

These stages will logically:

i. Demonstrate on test engines that the potential of the concept can be

attained in practice

2. Demonstrate on preproduction engine systems that the production model

will meet all system requirements

Step 1 may involve more than one iteration to reach an optimum system, but it is

clear that successful operation of the first test engine and demonstration that

the concept selected has the potential to meet the primary system requirements

is key to the future success of free-piston Stifling engines in solar applica-

tions.

The major differences between the first test engine and later preproduction and

production engines are:

I . All components in the engine would be removable for inspection and

replacement or modification if required. This implies bolted joints in

the vessel and O-ring seals on some components which would be elimi-

nated in a hermetically sealed production model.

, Internal diagnostic instrumentation such as pressure transducers,

stroke measuring transducers and thermocouples will be required on the

first test engine. For a production engine all internal instrumenta-

tion would be eliminated.
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The most important considerations at this stage are development issues that

impact the first test engine. These can be broken down into:

i. Features which are not yet fully demonstrated which are essential to

system operation

2. Inaccuracies in performance prediction.

Undemonstrated features essential to sFstem operation have been intentionally

kept to a minimum. They are currently:

i. The sintered wick in the heat transport system

2. Hydrodynamic bearings in the e_gine displacer and power piston

8.2 Receiver/Heat Transport System

The receiver/heat transport system concept and arrangement was selected because

its simple axisymmetric configuration1 leads to a compact design which is

expected to be cost effective in production quantities•

Reducing the design to practice is not expected to incur unusual difficulties,

but no existing sodium heat transport systems use a wick construction of the

configuration proposed.

For the first test engine two options are available:

1 • Demonstrate the proposed configuration in a component test(s) prior to

incorporating it into a complete system. (This could be scheduled to

occur while the rest of the system was being designed, built and

checked out.) or
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• Use a pool boiler for the first test engine. This may have a somewhat

lower development risk since it does not involve the sintered wick on a

large curved sheet surface.

Final decision should be based on cost comparisons which have not yet been

completed by Pioneer Engineering_ and also the availability of funds for devel-

opment activities on the first engine.

Hydrodynamic Bearings

Hydrodynamic bearings will not be an excessive development risk on the first

test engine since the development currently in process on the space engine is

expected to provide a basis for assessing this during the next few months.

If, at the time design decisions have to be made, the development risk is judged

to be unacceptable for the first test engine_ it would be quite practical to

incorporate both hydrodynamic and externally pumped hydrostatic bearings. The

advantages of hydrodynamic bearings over hydrostatic bearings on a production

engine make them the clear choice in the long run, i.e. simpler hence more

economical and lower power loss.

Hydrostatic bearings require that the engine working gas be drawn from a source

in the engine, pumped to about i0 Bar above mean pressure, delivered to the

bearings and returned to the source. This can be done with an external pump

which requires power to drive it. Techniques for pumping off internal gas

springs are possible but difficult to incorporate in an engine which varies

stroke to modulate power.

While validated analytical tools are not available for predicting the perform-

ance of high pressure hydrodynamic gas bearings in which rotation and reciproca-

tion are combined_ MTI experts believe stable operation can be attained.

Surface grooving can be incorporated to increase bearing stability. Tests are

planned to determine if such treatment is necessary on the SPRE power piston

during this fiscal year.
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A.D.L. has demonstrated hydrodynamic be_rings with both rotation and reciproca-

tion at low pressure and Sunpowerhas demonstrated limited operation on a Stir-
ling engine displacer.

As this report goes to press (February 1988) successful operation of the SPRE

power piston in a motoring modehas been demonstrated.Basic feasibility is thus

demonstrated.Details with regard to surface grooving will have to be established
for the solar engine power piston and displacer.

8.4 Performance Predictability

8.4.1 Thermodynamics

Understanding the thermodynamic behavior of Stifling engines and developing

accurate analytical predictive tools are an ongoing activity. For engines in

which the characteristics are similar to engines which have been characterized

experimentally, the uncertainties are relatively small. In a new design the

uncertainty in prediction is a funct!on of both modelling and thermodynamic

calculation accuracy.

The solar engine is geometrically similar to the space engine in many respects,

but there are subtle differences which must be modelled correctly. The code

HFAST correlates quite well on several other engines, but there is still some

uncertainty since it does not hit all test measurements exactly. At this point

for an engine such as solar the predictive accuracy is expected to be within

about 15%. To reach the upper end of the predicted performance range changes

based on empirical measurements on the !:est engine will probably be needed.

8.4.2 Alternator Performance

There is no theoretical reason to believe that high alternator efficiencies

cannot be attained. Success depends upon understanding the effects of many

details which introduce loss mechanisms and, based upon this understanding,

minimize the losses to the extent practical. MTI has expended significant

effort over the last year to develop an understanding of the causes of loss in a

permanent magnet linear alternator. This effort will be continued as part of

the Space Engine Development Program. A laboratory is being set up which will

111



be dedicated to the development of linear electrical machinery. This will

permit dynamometer evaluation of linear motors and alternators independent of

the equipment in which they are used.

In addition to the above-mentioned experimental activities, MTI has acquired and

is evaluating and applying advanced computer techniques to the design and analy-

sis of linear electrical machines. The application of these techniques, coupled

with experimental measurements of alternator hardware, followed by modifica-

tions as suggested by the evaluations is expected to produce an alternator with

an efficiency in the 90 to 95% range.

8.5 Test Program Outline

Figure 8.1 is a very preliminary outline of a test program culminating in the

demonstration of one (ore more) solar dish-mounted Stifling engine power

systems.

The outline suggests that the engine-alternator and the receiver-heat transport

system be checked out independently before being married into a system and test-

ed on a solar collector. The engine-alternator activity is laid out in the

sequential phases of design, procurement, cMeck out, laboratory performance

characterization, and system tests on a solar dish.

The design and procurement phases could be accomplished in about 18 months in a

well expedited program. The time required to check out and characterize a new

engine is somewhat unpredictable. It depends upon the problems encountered in

debugging brand new hardware. For planning purposes, about 12 months is recom-

mended.

It is expected that laboratory equipment required to check out and characterine

the engine would take less time to procure than engine hardware and would not

dictate the schedule. The receiver and heat transport system should be built

and checked out independent of the engine. The hardware is much simpler than

for the engine. The roughly 30 months assigned to getting the engine ready for

system installation should be ample time for receiver-heat transport system

development. If funds permit, this time could be gainfully used developing the

sintered wick concept. A tentative schedule is shown in Figure 8.1.
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If a pool boiler approach is selected, the _:ame general approach of checking out

individual elements of the system is advisable. This maximizes the probability

of success in a timely fashion for the integrated system.
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1.0 INTRODUCTION

This report contains the design of a solar receiver for a

Stirling engine. The prior history of problems associated with

the first generation of heater head/solar receiver designs has
lead DOE to solicit a more reliable cost effective solution. At

the request of the DOE, MTI, Sand+,rs and Thermacore have

considered employing a heat pipe :,cheme to this application.

A heat pipe solar receiver ha:_ several key advantages which

were not inherent in the early de:;igns. The early receiver

Stirling designs involved directl_/ irradiating a bundle of heater

head tubes and were found to be u_ireliable. Failures were related

to the unpredictability of high s,Jlar fluxes and the presence of

non-uniform hot spots (gradients), The principle advantage of the

new proposed cavity heat pipe sollr receiver is its ability to

isothermalize the heater head while the receiver is exposed to

spacially variant solar flux.

In the concept of figure i, solar energy is absorbing energy

on a large cavity-type evaporator. Condensation of the liquid

metal occurs on a conventional tui_ular heater head arrangement as

vapor flows freely in the heat pioe cavity behind the absorber

shell. The geometry of the heat pipe cavity is configured such

that the condensed liquid drains oy gravity back to the transport

arteries at the base of the evapo[ator shell. This approach also

has the distinct advantage of allowing independent optimization

of heater head tube geometry and the solar cavity.

2.0 Program Outline

The first phase of this program involved establishing the

size and flux limits of the cavity heat pipe concept. Because of

the competing nature of design issues involving the wick and the

absorber, a range of cavity sizes and shapes were selected for
analysis. Solar flux levels 20 tc 50 W/cm _ were determined to be

acceptable for gravity feed heights of 15 to 25 inches. The

concept presented in this report is a 19 inch hemisphere with a

peak flux level of approximately 40 W/cm 2.
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The most critical receiver ob ective is to verify that system

life goals can be reached. These cioals were specified to be

80,000 hours with 20,000 cycles. 1_ecause of these stringent

requirements, a large portion of (,ur study involved performing a

stress/life analysis on the absorl,er/evaporator shell. This work

is described in section 3. SectioJ_ 4 describes the selection of

cost effective materials and rece:ver life projections. The

receiver design point efficiency _inalysis was initiated after the

preliminary stress analysis was c_Jmpleted. This work is presented
in section 5. Next, the structurall layout was prepared and is

described in section 6. As a resu.it of the PDR additional work

was conducted to study the starti_ig requirements of the heat pipe

and propose a scheme to avert pos_ible problems. A discussion of

the remaining key issues of futur_ recommendations form the last

two sections 7 and 8 in this repo:'t.

3. Stress Analysis

The determination of solar fl,x profiles is the first step in

performing the stress analysis. T,e ultimate solar flux
distribution on a variety of axis.lmmetric conic section cavities

was accomplished with a Monte CarLo ray tracing scheme. We

believe this analytical technique is the most flexible means for

quantitatively representing the c)ncentrator's optical
characteristics. This Fortran routine was also easily integrated

with the thermal, stress, and wic_ design analyses. Although the

model is rigorous in terms of its consideration of concentrator

surface properties, it does not p_ovide a prediction of actual

anomalies which are common to cost-effective concentrators.

However, it is important to consi_er the stress effects produced

by the so called hot spots. High resolution data from

concentrator testing shows not onty spacially but time varying

flux spikes. Moreover, these variations over the absorber surface

intensity often occur even when r_latively smooth data is

obtained at the focal plane.

The adverse solar flux profile can introduce three types of

uncertainties into the stress analysis. Primarily, the absolute

flux maybe greater then the smooth theoretical prediction,

leading to increased thermal (hoop) stresses in the shell.

Secondly, the circumferential gradient may contribute additional

components to the von mises stress field. Thirdly, the time

varying nature of the flux can produce thermal fatigue cycles.

Because of these potential unknowns we devised a plan to

consider the independent and combined effects of these possible

flux variations. Therefore, some alterations were made to the

nominal flux values predicted by the ray tracing routine to

achieve the desired analysis conditions. Based on Sanders prior

experience base of working with low cost concentrat%r systems a

hypothetical worst case set of conditions was derived. These

conditions are presented in general terms in table i.
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CONCENTRATOR ASSUMPTIONS

Power in 8" Aperture

Insolation

Specularity Standard Deviation

Surface Normal Standard Deviation

Reflectivity

Sun Disk Image Angle

F/D

Peak Power @ l100w/m 2

Design Flux Safety Factor @ l100w/cm 2

Worst Case Flux Gradient (downward)

75kW

950 W/m 2

2.5 mrad

2.5 mrad

0.9

4.6 mrad

0.6

86.8kW

1.2

3:1 per linear inch

Table 1-Assumptions used as inputs to the Monte Carlo ray

tracing analysis to achieve the global power characteristics

specified in the RFP. Also, included are Sanders projections for

worst case flux gradients and suggested flux safety factor.
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The first step in the stress ._nalysis involved the

consideration of one dimensional _I-D) thermal and pressure

stresses. These simple relations _liven by equations 1 and 2 are

obviously limited in their applic_ibility to the problem.

pp= -q3a3/(2(a3-b;))

pt = _E_T/2(I-_)

Eq. 1

Eq. 2

Where q is the pressure, a is the outer radius, b is the

inner radius, _ is Poisson's ratio,, and _ is the coefficient of

expansion.

One limitation in the thermal stress equation arises because

the composite materials have diss:milar properties. The most

notable are a change in the modul_s of elasticity (E), and in the

thermal conductivity (K). Also, these relations give no insight

into the three dimensionality of the stress field which arises

due to the transverse (circumferer_tial) thermal gradients and the

edge restraining conditions. By u_,derstanding these effects the

potentially critical shear stresses which might cause separation

at the powdered metal/absorber inlerface can be also predicted.

Finally the effect of the more massive rib-like arteries spanning

the relatively thin evaporator sh(ll must be investigated.

Therefore, in summary, the follo_ing list of stress issues were

addressed in sequence.

(i) Simple I-D stresses at Tominal flux value predictions.

(2) I-D computer modeled solution involving the spacially

dependent E, _, K composite properties.

(3) Axisymmetric (2-D) flux profile predictions with simple

edge constraints using a fir_ite element method model (FEM).

(4) Axisymmetric flux profile with more realistic edge

constraints using FEM.

(5) 3-D flux profile on a s3mmetric 6 ° sector of the dome.

(6) Axisymmetric flux profile incorporating a severe flux

gradient (hot spot) and realistic edge constraints.

(7) The addition of a circu_ferential artery passing

through the peak flux zone Jn test case 6.
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When designing the composite absorber/evaporator, it becomes

evident that there are several competing effects which affect the

selection of the absorber shell and wick thicknesses. For

example, a thinner absorber wall reduces the thermal stress while

increasing the magnitude of the pressures s_resses.

Theoretically, the minimum combined stress would occur at a

thickness where these two stresses are nominally equal. In

addition to this there are fabrication and handling concerns

which limit the range of acceptable thicknesses. Also, of great

significance is the issue of sodium induced wall corrosion which,

over the exceptionally long life of thirty years could consume a

substantial percentage of the base material. Oxidation on the

environmental side of the absorber shell might produce a similar

erosion of metal as well as pitting and stress concentration

points.

The design of the wick also involves stress, performance and

cost trades. The wick thickness and permeability controls the

amount of liquid which can be transported over a given distance

while consuming a given amount of capillary head. Hypothetically,

a thicker wick is less likely to dry out due to high local

evaporation rates then a thinner wick. However, the wick
thickness is critical in that it directly relates to the amount

of super heating of the sodium in the wick. Excessive super heat

results in an undesirable transition into a nucleate boiling

regime and the associated potential of the bubbles to impede the

liquid transport through the wick. The proposed Thermacore

technique of locating a geometric pattern of primed arteries on

the absorber affects the required liquid transport distance and

hence provides another controllable variable

The selected wick design approach was to initially choose an

acceptable wick thickness based on super heat criteria and

manufacturing details and then determine the pattern and distance

between the arteries for given cavity dimensions and

corresponding flux levels. For the flux levels and the cavity

dimension ranges previously stated it was determined to apply a

constant wick thickness of 0.06 inches.

Figure 2 illustrates the I-D thermal stress model. This model

shows that maximum thermal hoop stress is likely to be

compressive at the heated surface. Because of the lower modulus
of the wick materials, the tension on the outer wick surface is

proportionally lower in magnitude. Somewhere in between the two

surfaces there exists a plane of zero hoop stress. This plane

could occur on either side of the wick/wall interface. To obtain

this I-D stress profile it is necessary to simultaneously solve

['ourier's I-D conduction equation with the stress relation in

equation i. In this analysis (case 2) the moments on either side
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of the zero stress interface must be equal and opposite. When

applying this criteria a quadratic equation is obtained which

predicts the position of the 0 stress axis (figure 2). From this

point, the temperature drop to either edge, can be applied to the

equation i. The Fortran model which performs this calculation

also takes into consideration the temperature dependency of

material characteristics.

The pressure exerted by the less than atmospheric sodium

vapor pressure (.47 ATM @ 800°C,.15 ATM @ 700°C) acts to put the

entire shell in tension. Given the range of absorber thicknesses

considered, and coupled with the .06 inch wick, this component of
total stress is still several times lower than the thermal stress

at the peak flux point.

Manufacturing and corrosion criteria suggest that the

absorber thickness be not less than .02 inches. Figure 3

represents the results of the I-D model showing the effect of

absorber thickness on peak compressive and tensile stresses. In

this case the incident flux profile developed for the 19 inch

diameter hemisphere is presented.

The next step in the stress analysis was to compare the I-D

results with a more comprehensive finite element model (FEM). A

2-D axisymmetric model was created with PAFEC *I to consider the

flux profile generated with the Monte Carlo analysis. The FEM

performed both a thermal (conduction) and stress analysis of this

data. First, the simplest pin type edge constraints were

implemented. Having initially verifying the effect of various

boundary conditions a more realistic edge support structure was

modeled. The model configuration and exaggerated displacements of

this configuration under thermal and pressure loads is shown in

figure 4. The results for the 19 inch diameter test case showed

that the lateral conductive leveling effect is very small. By far

the dominant thermal transfer is purely through the wall

thickness. The example temperature profiles are shown in figure

5. This analysis assumed that the wick/vapor interface is

maintained at the wick surface by evaporation at a vapor

temperature of 800°C. The data is generated at every degree of

arc and is somewhat jagged due to the selected resolution of the

Monte Carlo analysis. More ray tracing smooths this out but we

felt that the jagged data is more realistic and would provide a

better assessment of the conductive leveling effect.

The peak compressive stresses obtained from this analysis

have been located on the I-D parametric curve in figure 3. This

illustrates the close agreement of the two models and the

apparent one-dimensionality of the nominal operating conditions

at the peak flux point.
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ABSORBER/EVAPORATORSTRESSES
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2.D AXISYMMETRIC FINITE ELEMENT

THERMAL STRESS ANALYSIS

ORIGINAL GEOMETRY --_

Figure 4. High Resolution ]Node Arrangmement
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Monte Carlo Generated Axisymmetric

Temperature Profile for 19 inch

Hemisphere
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In a somewhat parallel modeling effort a 3-D FEM model was

designed to incorporate a severe temperature gradient in both the

circumferential and azimuthal directions. The input conditions,

contrived to fit the criteria of table I, were chosen for a 6 °

sector and this pattern was repeated sinusoidally sixty times to

form a dome. Figure 6 shows this element configuration.

Preliminary results of this analysis again showed that the

stresses are directly influenced by the absolute magnitude of the

incident flux and were not substantially affected by the sharp

gradient. However, an unexpected lack of resolution in the

element mesh prohibited proper convergence of the routine at
certain nodes. It was therefore determined not to be feasible to

further refine this model to obtain an accurate estimate of the

individual effects of the sharp thermal gradients. Rather, the

gradient effects could be reassessed using the 2-D axisymmetric

model. This model also required additional element refinement,

but only in the region of the imposed gradient. This exercise

therefore provided simpler and directly comparable case study of

the gradient effects.

While revising the axisymmetrical model, we took the

opportunity to incorporate the geometry of an arterial rib

passing over the peak flux zone. Because of the symmetry in the

model, it was necessary for this artery to also be

circumferential. Although the actual artery layout is radial

(figure 7), we do not expect this to significantly misrepresent

the stress problem. It was previously determined that the edge

effects due to the low fluxes near the rib produced relatively

small stresses. Therefore we expect that the local effects of the

artery in the peak flux zone are most important. This

configuration will provide the ability to assess the possible

stress concentration and additional thermal stresses induced by

the rib-like artery. Figure 8 illustrates the FEM nodal layout

which includes the artery.

As indicated in Table 2, the peak compressive stress on the

absorber was not affected by the artery. However, tensile

stresses in the sintered nickel wick rose by 32%. Also, the shear

stresses at the composite interface increased by 60% for the .02

inch absorber test case. The significance of these magnitudes

will be discussed later in this section.
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THERmREORE
NASA

LJ

Figure 7. Thermacores Artery Layout. Redundant

circumferential and radial criteria are provided. The

artery has approximately 0.1 inch circular passage

surrounded with an .06 inch wick.
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FINITE ELEMENT ST]i_ESS ANALYSIS OF

ABSORBER/EvAPORATOR

Powder Nicke
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Figure 8. PAFEC noda_ grid illustrating circumferential

(axisymmetric) artery
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Table 2. MAXIMUM STRESS SUMMARY FOR 0.02 INCH ABSORBER AND 0.06
INCH WICK.

Model Location °max Tmax _m_x
Conditions (ksi) (ksi) tKs_;

No Artery t Collector 7.7 3.7
No Gradient IN600

With Artery
No Gradient

With Artery

With Gradient

, .33
Sintered 2.5 1.3

NI201

Collector 7.6 3.8

IN600

Sintered 3.3 1.4

NI201

Collector 7.9 4.0

IN600

Sintered 3.2 1.3

NI201

.527

.72

Where:

ama x is the maximum principle stress

Tmax is the maximum principal shear
stress.

T'ma x is the maximum shear stress between

the IN600 layer and the sintered nickel

layer.

* Note all of the stresses reported above were reported
at around 8 - 38 o
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The effect of the sharp thermel gradient was analyzed next.

This gradient varies from 1/3 of the predicted value up to the

full predicted value in a distance of about 1 inch. This, from

our experience, is as sharp a graCient as we should expect under

real conditions. The input temperature profile assumed for this

test is shown in figure 9. The results of this study showed only

a small rise in the maximum stress value. The only other

significant variation was an additional rise in the composite

interfacial shear stress of about 40%. In all, the shear stresses

at this critical point more than doubled between the original

non-artery case and an adverse artery case, but the absolute
magnitude is still rather low.

A preliminary analysis was conducted of the stresses in the

heat pipe vessel at several locations not on the evaporator dome.

Special attention was given to the zones around the interfaces

between the conical shell and the evaporator on one end, and the

engine on the other end. At the evaporator, the conical vessel

must be wide enough to accept the hemispherical dome with the two

circumferential arteries around its perimeter. To connect the

dome to the heat pipe shell, both a lip in the dome or a separate

annular ring were considered to prgvide the clearance for the

arteries. These two alternatives w_re analyzed and the separate

annular ring was selected. Appendi_ A presents the calculations

used to evaluate the stresses in t]is zone. The fabrication

details associated with this desig] are presented section 6.

At the engine end, the conical heat pipe shell tapers down to

provide a slope for the liquid sodium to return to the wick when

the receiver is in a near horizont_l operating position. The

minimum diameter of the heat pipe zessel at this point is set by

the diameter of the heater tube ar:angement.

As illustrated in figure i the conical vessel mates with a

flange which is integral with the cylinder head. Calculations

used to evaluate stresses in this picinity are presented in
Appendix A.

Section 4 Receiver Life Analysis

The allowable stresses for thi ; system are primarily defined

in terms of fatigue life criteria. The criteria for acceptable

life is 20,000 thermal and pressur,_ cycles. The phenomena

associated with fatigue such as cr_cking and absorber/ sintered

wick delamination of the composite have been found to be

difficult to predict. These issues are not fully calculable and

therefore part of this section wil address recommendations for

experimental component testing.
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A modified Goodman diagram has been constructed for each

material by employing the Method of Universal Slopes. .2 This plot

of alternating stress against mean stress incorporates a safety

factor of 1.5 at 20,000 cycles, qhe alternating stress and mean

stress about which the system oscillates during the operating and

non-operating cycles are obtaine_ from the steady state values.

These values represent the peak cperating stresses. When not

operating, the entire shell experiences a 0.60Ksi tensile stress

due to the pressure load. Under these nominal cycles the absorber

cycles between a peak compressiv6 stress of about 10.9 Ksi (0.04
inch thick absorber with 20% sol6r safety factor) and a peak

tensile stress of 0.6Ksi. The wick, at the same time, operates

between a peak tensil.e st!ess of 5.6ksi and a lesser non-

operating tensile stress. These _oints have been located on the

modified Goodman diagrams in fig%re i0. The strict

interpretations of these values _epresents the stresses

associated with the strain range for the first thermal cycle

only. Both characteristic stress points located on the Goodman

diagrams are well below the Universal Slopes threshold.

Therefore this implies that additional safety factor (>1.5

exists.

The preceding approach assumes that no permanent plast c

deformation takes place in eithel material. This of course is not

actually the case. In fact, both wick and wall peak stress values

are well above the creep rupture limits for the 60,000 hour life

at 700°C.

These strict creep limitatior s do not apply in terms of the

conventional time/temperature (L£_rsen/Miller) data. Since the

dominant stresses are thermally induced, creep leads to a

relaxation of the stresses. For typical day/night temperature

cycles, the strain range remains nominally constant while the

peak stresses reduce in magnitud_ due to permanent plastic

deformation. Under conditions of extreme plastic deformation the

operating stresses will have tim_ to decrease to a level where

creep becomes negligible. Since I o appreciable creep takes place
in the cold condition, the hot s_ resses will decrease with every

cycle. Similarly the cold stress will continue to rise, limited

by the magnitude of the original hot stress but with opposite

sign. With such a progression, i_ is obvious that additional

safety factor will develop for t_,o reasons. First, as illustrated

on the Goodman diagram, a representative stress point will move

horizontally towards the Y-axis. Secondly, the ultimate stress,

which is a strong function of tel_perature, will increase causing

the X-Y intercept points of the 1_niversa] Slopes curve to rise.

This leads us to the conclusion -hat the original assessment,

excluding creep, yields a consul' ative [esult.
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FATIGUESTRESS ALLOWABLES BY THE
METHOD OF UNIVERSAL SLOPES

o 1.5 Safety Factor

on Ultimate Stress
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FigurelO. Modified Goodman diagram for wick (]Ni201)

and absorber (lnco600) material.
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The tensile stresses and shear stresses in the wick produce

much greater creep rate than those in the absorber even though

the stresses are lower in magnitude. Figure ii illustrates the

very weak characteristics of nickel 201 at the 700°C operating

temperature. This data is for ba[ stock and may differ from the

sintered powdered material. Unfoztunately, no comparable data

with a powdered metal was found. We therefore conducted the

analysis using this handbook dat_,. Sanders and Thermacore are

presently trying to improve on ot r data base in this area.

F]C. 11 "typical creep _reng'_ of tnnoai_i Nickel 201

ZOO, .,

]
100 l ° F'l

Z_

,o| ,2_'cT_.-:- -_-

j _---_ 10£c__"_/- _

,f / __ - 0.,E

3 _ 04

2 / 0.3

- 0.2

, L
OOI 0.1 I.O

Minimum ¢,r_p l n_', %'I000 I_

The same trend as previousl] _ described for the absorber will

take place in the wick. However as evident from data in figure

ii, the creep rate in the nicke_ will be much greater than in the

absorber. This also implies tha _ the period for complete

relaxation of tensile stress, w)_ich maximizes cold compressive

stress, is relatively short.

Before proceeding with this study the potential

inapplicability of the method o _ Universal Slopes should be

mentioned. This technique was d_veloped for predicting the

fatigue life of a broad, but me _allurgical by similar, category

of steels and superalloys. We f _el that the application of this

method to the absorber Inco 600 is acceptable. However,

applicability to the powdered m_tal wick, due to its 50% porosity

arld very low strength at the operating temperature, is somewhat

suspect. The modulus of elasticity, in particular, is less than

half of the typical Universal Slopes candidates. Again

experimental data for this material should be obtained.
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Extrapolation of the nickel 201 handbook data creep rates at

the design temperature leads us to the conclusion that the nickel

will relax to a stress of less than Iksi in only a few cycles. A

linear extrapolation of the creep data on figure ii implies that

about 0.1% creep relaxation would occur in only i0 hours at the

most highly loaded zone on the absorber. Since only about 0.04%

elongation is required in the outer edge of the wick to

completely eliminate the thermal stress, it is evident that the

relaxation is quite rapid. Therefore the greatest tendency for

crack generation in the wick would also exist in the first few

cycles. For this reason, Thermacore's successful operating

experience with this material under similar conditions may be the

best insurance for the satisfactory creep performance.

To help avert the potential for abrupt crack generation in

the wick during the early stages of operation, a gradual break-in

period would be helpful. Since the stress, like the solar flux

profile, varies significantly over the dome surface, gradual

thermal ageing could be conducted at a low concentrator power

level.

Cracking within the 0.06 inch thick wick can occur in two

ways. Uniformly distributed microcracks, smaller than the mean
capillary pore size of 2x10 -5 meters (0.8mils) would not affect

the heat pipe performance. If the peak wick strain is multiplied

by the hemiperimeter, a characteristic length is obtained. If

this dimension is uniformly distributed over the absorber surface

and, for example in the limit, divided by the number of grain

boundaries, no appreciable effect will result.

However, if cracks congregate locally in zones of high flux,

a gap significantly greater than the pore may result. Cracks

larger than the mean pore size of the evaporator surface could

impede liquid replenishment to portions of the wick. This would

not necessarily be catastrophic if sufficient safety factor is

built into the wick/liquid transporter system. There is really no

practical way to predict this occurrence and, therefore, future

work in this area should focus on initially performing some

laboratory tests.

It is most important to avoid cracking of the arteries.

Relatively large cracks compared to the pore size would reduce

the available pumping head of this system or in the limit deprime

the artery. Also, the highest stress determined from the FEM was

shown to be in the vicinity of the artery junction at the

surface. Figure 8 illustrates the stress conditions involving the

artery. Since the outer wick surface is in tension, a sharp

corner at the artery bond to the evaporator would give rise to a

stress concentration point. Also the hole in the center of the

artery presents another text book stress concentration condition.

However, with generous radiusing of the corner, local stresses

should not appreciably exceed the FEM predictions.
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Once developed, crack propagation could be perpetuated by
mechanisms other than stress. Both corrosion and volumetric

expansion of the sodium, which occurs in transition from frozen

to liquid states, can play an im[ortant role. Mechanical forces

imposed during the phase change _re associated with start-up
issues and will be discussed in _ection 7.

5. Thermal Analysis

The thermal loss from the receiver is shown in table 3 to be

composed of six dominant mechanisms. Most of the analysis for

this study centered about the first two on this list: shell

conduction and cavity reradiatiox:.

Because of the near isotherm_l conditions within this cavity,

it was possible to evaluate thes_ cavity losses and the external

shell losses independently witholtt sacrificing accuracy. The heat

pipe surface temperature, under " he design flux load has been

shown to vary by less than 20°C.

The conical cavity walls und_r radiative equilibrium steady

state conditions will also achie"e a temperature close to the

nominal absorber temperature. Th_s wall will actually exhibit a

thermal gradient from the apertu e lip minimum temperature to the

junction at the absorber which i_, assumed to be at the sodium

vapor temperature. This general trend exists because the tapered

wedge of insulation is smallest _t the aperture and this zone has

the greatest view factor to the .tmbient. In addition to these

factors, ambient convection, botll natural and forced (wind), can

play an important role in the lo_ses at this edge. However,the

analysis of these convection elf _cts will be deferred to future

programs.

A Monte Carlo ray tracing ro]tine was used to model the

concentrator and generate flux a_d temperature profiles on the

absorber dome. In this analysis the outer edge of the wick was

assumed to be at the vapor tempesature of 700°C or 800°C. Again,

lateral conduction in the shell _as shown to be quite small

through use of the FEM thermal s_ress study. Thus the simple I-D

approach is justified. Data from this analysis was fed into a

SINDA model which analyzed various shell insulation schemes.

Figure 12 illustrates an example of the nodal arrangement used in

the SINDA analysis. Careful atte._tion was given to modeling the

conical wedge-shaped insulation _urrounding the aperture.
Previous Sanders receiver tests _ave shown correlation of results

in this zone to be difficult.
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Receiver TheImal Analysis

Cavity Radiatiol,, Reflection and Shell

Insulation Losse:
Insulation:

T vapor = 800"C ] High Temp I L°w Temp" 1

Receiver

Absorber
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Figure 12. Examp]e o_ noda] arrangement for receiver

SINDA analysis.
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A range of insulation thicknesses were considered in a trade

study of thermal losses. However, in the final design, the

insulation thickness may be set by the constraint to be within

the existing TBC mounting ring. Figure 13 presents the effect of

increased insulation thickness on total shell heat loss.

Alternative shell geometry for the front cover was considered

in an attempt to provide more insulation in the critical area.

Figure 14 illustrates the SINDA model design for a conical front
cover which increases the thickness of insulation in that

vicinity. This concept was not found to be compatible with the

existing TBC water cooled aperture ring. However, a future low

cost production receiver could integrate these receiver design

aspects with the aperture shield design.

Table 4 lists the insulation materials considered for this

design and their pertinent data. For cost reasons it was

recommended that a composite insulation scheme utilizing both

refractory blanket and fiberglass could be effectively employed.

The low cost fiberglass is limited in temperature and therefore

can only be used in the outer cooler section. Therefore the more

expensive Mansville product will be confined to the hot zone in

contact with the heat pipe and around the aperture.

In our earlier Brayton designs, a precast insulation product

was used effectively by Sanders to form the cavity entrance cone.

This approach would form the conical cavity from a precast piece

of insulation thus eliminating the need for the metal cone liner

which extends from the aperture to the absorber. However, with an

open cavity, the insulation would be susceptible to weather

damage, water saturated insulation is, of course, very

undesirable.

To minimize the potential for exposing the insulation to

moisture, we have proposed to employ the conical metal cavity

liner with bat-type insulation behind it. We believe that this

approach is less expensive in production than the cast
insulation. The stainless steel entrance cone is fastened to the

aperture lip of the external receiver shell. As shown in figure

1 a thermal break is provided at this junction by clamping a

ceramic gasket between the metal parts. At the absorber end of

the cone, a clearance gap allows for unrestrained thermal growth

of the cavity parts.
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l-leat Loss vs. Ins t tla t i Oil
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Figure 13. Shel] insu]ation ]osses using composite

insulation sctT_me "_,,_: 1,/ze4 with SINDA nodal
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STEADY STATE FINITE

DIFFERENCE THERMAL ANALYSIS

NODE TEMPERATURES (oc)

RECEIVER CAVITY

800°C

6_4 i_64

561

4%5

4%S

VAPOR TEMP

4_% 1345 _6L !141
T

AMB IENT

F}lzure 14. SIINDA analysis for optional aperture plate

configuration which provides more insulation in the

front of the cavity.
28

148 ........ i' '_ ....

OF POOR QUAUTY



z_
©

C

Z
©

[...

z

5
z
N

m
<

_:2Q

_o

r/?

°_

_m

°_ _

N?

O

O

_ _ C)

,M ..-_ aO

,M C_

°_ °_

°_

c
C

L>

cc)

29

149



The first order analysis of receiver cavity solar reflection

losses shows that this is an area worth paying attention to. It

was assumed that the solar reflections are purely diffused from

both the absorber and the secondary reflections off the entrance

cone. The diffuse assumption would lead to the minimum

[eflection loss prediction. Under the assumption of total

specularity, more energy would be lost from the cavity. Appendix

B shows the hand calculations for this limiting case, as well as

the purely diffuse case. The specular analysis is also

interesting because it predicts that for a shallow cavity, where

the center of curvature of the absorber is near the aperture

plane specular losses will increase to a maximum. For a 19 inch

diameter absorber all speculary reflected rays will be lost on

the first "bounce" when the center of curvature is within 1.7

inches of the focal plane. In the recommended design this

dimension is 5.5 inches and therefore many of the reflected rays

hit the conical cavity walls.

In actuality, the solar reflection losses should fall between

the diffuse and specular limiting cases presented in Table 5.

Some representative data is available for the wavelengths of

interest. Figure 15 shows that for high roughnesses and low

angles of incidence, (30 ° ) which is our case, we should not

expect a significant specular reflection component of energy.

This is a reasonable assumption when considering the surface

effects of partially oxidized Inconel 600. That is, the "optical

roughness," defined by the characteristic (rms) roughness

dimension wavelength, is predominantly greater than i. The

monochromatic data in figure 15 is representative of the solar

spectrum which peaks at a wave length of about 0.5um.

The calculation of diffuse reflections has been based on the

assumption of a solar absorption of 85% for both absorber and

entrance cone. Figures 16 and 17 present data showing that this

is reasonable for rough, weathered, oxidized Inconel. Thus a

cavity of our dimensions will have a total reflection out of the

aperture of approximately 2.3%. These calculations are presented

in Appendix B.

F]CURE 17. Effect of surface condi-
tion and o_diUon on

normal total cmisuvity

of suunl_s sleel type

ll_S. (Data from |3]).
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REFLECTIVITY

CAVITY REFLECTIVI_Y PREDICTIONS

SPECULAR LOSS DIFFUSE LOSS

15% 2.9% 2.26%

10% 1.83% 1.43%

30% 6.69% 5.2%

Table 5.F For the calculation presented in Appendix B, both

specular and diffuse cases have been considered. The

reflectivity of the absorber is set equal to the reflectivlty of

the cavity walls which are considered diffuse in both

calculations.
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AS a recommendation for future work it would be valuable to

study alternative absorber optical surface characteristics.

However, this time we recommend sard blasting the absorber dome

to maximize the solar absorption and minimize the specular

reflection components. This would also encourage oxidation of the

rough surfaces. Encouraging oxidation of such a thin wall under

conditions where U.V. exposure may also enhance oxidation, could

be the wrong approach.

The objective of a surface coating would be to produce a
passivating oxide layer over the base material. This would

produce both desired effects-improved optical performance and

oxidation resistance. Appendix C contains some recommendations

for such coatings.

In a future program it would be beneficial to stochastically

model and make optical measurements of the performance of various

surfaces. It should be re-emphasized that durability of this

shell is the primary goal and that the efficiency issue only

amounts to a few percentage points _ither way.

The natural convection and wind effects on the cavity

performance have been qualitively observed in previous DOE open

cavity dish systems. In the organic Rankine cycle (ORC) solar

tests conducted at SNLA substantial transient reductions in

generated power have been observed _uring periods of high wind.

To our knowledge, no meaningful analysis based on correlation of

test data exits. The recommended St[rling receiver is likely to

also suffer from these effects. The most significant advantage

the Stirling receiver has is its sm_ller aperture. However, this

is determined by the concentrator a ld is offset by the higher

operating temperature and a smaller cavity of the proposed

receiver. In 1977 Sanders correlate_| convection losses with wind

velocity for a Centeral Receiver design. Unfortunately, specific

features of this receiver were quit _ different than those of the

cavity heat pipe design. Therefore lo direct extrapolation of the

results can be readily applied to olr present design.

This is in a sense a retraction from the figures presented by

Sarders in the PDR. Convection loss_s for the Stirling receiver

wele estimated using the earlier Sa_iders data for our Brayton

central tower receiver. We no longe believe that this previous

work is relevant due to several key thermofluid differences.

Briefly, this receiver was characte ized before installation in

the field using an innovative dimen _ional similitude approach

which provided pertinent data witho_t the complications of heat

addition. In this receiver design, the enqine working fluid was

pumped through the open cavity to b, heated at nominally

atmospheric pressure. To simulate tills while monitoring the

exchange of the working fluid with the ambient, a low molecular

weight gas was substituted which ma" ched the dimensionless

constraints of the hot working flui_i. However, the pressure field
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in the vicinity of the aperture for this case is likely to be

significantly different from what we expect for the new Stirling

design. In the Central Receiver the wind interacts with Euler-n

type pressure gradients established by the working fluid flowing

through the cavity. Also, the effect of pressure gradients driven

by thermal induced density variations within the cavity was not

present. A detailed description of these experiments is provided
in references 3 and 4.

A direct measurement of convective mass transfer between the

cavity and ambient should be conducted during initial

characterization of the solar receiver. Our recommended approach

is to employ a technique perfected by Sanders for the 1/4 MW

receiver tests at the GIT facility (ref 4 ). This approach

involves diluting the oxygen concentration within the cavity with

nitrogen. Since the properties of nitrogen are very similar to

air, there would be little effect on flow conditions. The mass

efflux from the receiver could than be determined by measuring

the rise in oxygen concentration during a controlled experiment.

Sanders has developed the sensors and related instrumentation to

conduct such tests during solar operation on the dish.

An alternate approach to deriving the convection losses is to

indirectly calculate this loss component by subtracting the
contribution of all other losses from the total losses. However,

with such an energy balance it is difficult to measure all other

losses with the necessary accuracy. Reflection losses for example
would be much more difficult to measure than the convection

losses. Also for a total energy balance it is necessary to

integrate the effects over a sufficiently long time period to be

assured of thermal equilibrium. However, wind conditions and

hence cavity convection would respond to a much shorter time

constant. To properly understand the aerodynamic interactions it

would be necessary to directly analyze the convection phenomenon

with the previously described method. This information would

provide valuable insight for developing approaches to reduce

losses in this area.

Section 6 Receiver Mechanical Layout

The overall mechanical design of the ASPS solar receiver has

been carefully considered to minimize life cycle cost. This has

resulted in a very simple design with careful attention to
mechanical and thermal stresses and ease of manufacture and field

service.
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The solar receiver as illustrated in figure 18 is composed of

two major subassemblies: The absorber/heat pipe subassembly and

the housing and insulation subassembly. These two subassemblies

are physically independent to facilitate manufacture and
maintenance.

To illustrate this, we will describe the receiver assembly

process. The first step in the assembly process would be to weld

the heat pipe shell/absorber dome assembly to the mating flange

on the engine heater head and charge the heat pipe cavity with

sodium. The heat pipe assembly can then be tested and inspected

while it is totally accessible.

The next step would be to apply the two layers of blanket

insulation to the engine and heat pipe assembly and slide on and

fasten the cylindrical weather housing. Then the cavity cone and

front cover assembly with its insulation would be bolted to the

open end of the weather housing with four bolts. The final step

is simply mounting the radiation shield disk over the front cover

with an additional four machine screws. Disassembly is the

reverse of the assembly process.

Heat Pipe Mechanical Desig n

The shape and size of the heat pipe subassembly is determined

by its function. The absorber dome diameter is defined by the

allowable flux and stress levels. The conical taper of the heat

pipe shell is required to insure that the liquid sodium will

always return to the distribution arteries at the base of the

absorber dome even when the receiver assembly is oriented with

its axis horizontal.

The triangular cross section ring which joins the absorber

dome to the heat pipe shell is required to bridge the radial gap

necessary for the circumferential arteries. It also transfers to

the heat pipe shell the considerable force resulting from the

subatmospheric pressure within the heat pipe cavity. This

condition also requires a substantial wall thickness for the heat

pipe shell to transfer the compressive load down to the heater

head flange. The triangular cross section ring also facilitates

the application of the arteries and wicking structure to the

absorber dome by stabilizing the mouth of the dome and providing

a shoulder against which to form the circumferential wick
arteries.
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The three joints involved in this assembly are welded to
produce a hermetic seal for the heat pipe. These welds are

illustrated in greater detail in figure 19. An objective of these
weld designs is to minimize the possibility of crevice corrosion
by the sodium. Should it be necessary to remove the heat pipe
assembly from the heater head the weld between the heat pipe
shell and the heater head flange would be severed. This process
of cutting and rewelding could be repeated several times without
affecting the clearance between the dome and the heater head.

Each of these three welds is circular and therefore suited to
automated welding processes such as electron beam or laker
welding. This permits the welds to be located so as to avoid
crevices.

Outer Housing and Insulation Subassemble

To minimize manufacturing cost two types of insulation are

used. The inner layer which contacts the heat pipe is Johns

Mansville Cerawool blanket which is rated for use up to 1600°F

while the outer layer is a much less expensive SGR3 fiberglass
insulation rated at 1000°F. A sufficient thickness of the

Cerawool blanket is applied to bring the temperature down to

below 1000°F for the fiberglass.

The weather housing is a cylinder fabricated of 20 gauge
Galvalume coated sheet steel. It slides on over the insulation

and bolts to the engine assembly.

The key element of the cavity cone and front cover assembly

is the stainless steel cone which forms part of the cavity

surface. It is made of stainless steel as it operates at

essentially the same temperature as the absorber surface due to
radiant heat transfer from the absorber. To minimize conductive

heat loss from this surface, it is attached to the front cover

ring by just four riveted spacers. Similarly, four small support
brackets are used to connect the outside diameter of the cone

with the outside diameter of the front cover to create a

geometrically stable configuration. Cerawool insulation is fitted

into the resulting triangular cross section.

Another feature may be required for the applications where

the receiver may be stored in a near horizontal attitude, where

rain could enter the cavity through the aperture. To accommodate

this problem a short segment of a ring of trough shaped cross

section would be welded to the return flange on the major

diameter of the cavity cone as showE in figure 20. A short drain

tube would then conduct any accumulated water out through the

insulation and spill it overboard. Typically, two of these gutter

assemblies would be required to accommodate the receiver being

tipped to the east or to the west.
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HEATER_
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Figure 19. Cavity Heat Pipe Weld Designs.

Numbers Indicate Weld Sequence.
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Figure 20. Cavity Water Drain.
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The front cover ring is stamped from 20 gage stainless steel

with a short flange at its inside diameter to accept the spacer

rivets for the cavity cone. It may be necessary to form Annular

Corrugation in this cover to avoid buckling due to differential

thermal expansion. Both ends of the four support brackets are

spot welded.

The front assembly is bolted to the weather housing using a

compliant gasket which prevents the entry of moisture and

provides a thermal break. Four additional bolts are used to

secure the radiation shield ring in place over the front cover.

Generous clearance holes in both the cover and the radiation

shield accommodate manufacturing tolerances and differential

thermal expansion.

Both the heat pipe and the housing subassembles are mounted

to the engine assembly which in turn is attached to the TBC

mounting ring. The receiver extends through the inside diameter

of the TBC mounting ring and may be equipped with several small

wearpads if there is a tendency for it to rub against the ring
I.D. during operation.

7. Receiver Cold Starting Requirements

"Cold Starting" the solar receiver is the procedure for

elevating the sodium inventory temperature to a point where

quasi-steady dynamic heat pipe performance initiates. At ambient

temperature, up to the melting point at 98°C, the sodium is

solidified. The initial energy input is therefore absorbed in the

melting sodium. Once melted, the normal sodium mass transport

mechanisms will begin. However, at temperatures well below the

design point, the liquid sodium viscosity is substantially

greater than the design value. This translates to an increase in

frictional pressure drop in the wick which limits the tolerable

local solar flux levels. In an extreme transient condition,

viscous flow in the large arteries might not be sufficient to

replenish local zones in the thin, thermally responsive wick

exposed to a high solar flux.

The second starting issue involves controlling the stresses

introduced by the volumetric expansion of the sodium. As the

sodium changes phase, the material will increase its volume by

about 5%. If this volume is somehow confined within a pore or

crack, substantial pressures can arise. A cyclic occurrence of

this phenomenom is often referred to as thermal ratcheting.

Thermal ratcheting of a crack in the artery or the absorber could

lead to catastrophic failure of the wick system.
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The safest way to avoid the transient wick dry-out and the
thermal ratcheting effects is to warm the system slowly. Low
level heating will produce a more uniform temperature
distribution in the sodium and wick. With sodium melted uniformly

at its boundaries, there is a greater tendency for the liquid to

find paths to seep out of cavities.

It should be pointed out that some relatively small heat

pipes have been operated from frozen to full power in only a few
seconds without problems. However, due to the unique geometry of

this heat pipe and the requirement for 20,000 cycles, special

precautions should be taken.

In the early development phases it is recommended that

electric heating elements be employed to preheat the heat pipe

evaporator section. The electric heater would be positioned to

melt the radial and circumferential arteries as well as the

liquid reservoir. To provide heat to the arteries on the dome it

is necessary to use a radiant source within the solar cavity. A

conductively coupled heater element could efficiently melt the

circumferential arteries and reser%oir, but this would not

effectively influence the radial arteries on the shell. A radiant

source of a few hundred watts located in the solar cavity could

adequately preheat the sodium in about an hour.

Fortunately, it appears that t_is starting procedure would

not be required for day to day opelations. A transient cool-down

analysis shows that it is possible to maintain the cavity above

the sodium melting point through a typical night period. Figure

21 presents the transient SINDA mociel results. This shows that

either the incorporation of a reasonable quantity of thermal mass

within the receiver or a fused silicon window can yield the

required thermal time constant.

Thermal mass in general is reg_ rded as a receiver loss. For

the most part energy put into therral mass is essentially lost at

the night. However, in this case el ergy stored in thermal mass

can be used to displace electrical preheat. For this reason, an
economic trade off should be conducted. At this time, this is

believed to be a trivial issue and warrants attention only after

some receiver characterization on the concentrator.

An alternate approach might be to provide some thermal

storage in a phase change material (PCM) with a melting point

just slightly above the sodium mel_ing point of 98°C. Losses

from the PCM would be lower than l_,sses from sensible thermal

storage at higher temperatures.
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Assuming the sodium can be passively maintained in the liquid

state through the night period, it _s then reasonable to project

that the less intense morning sun c_uld safely power-up the

system. The criteria for determini_]g when auxiliary electric

heating is required is best worked Jut in field tests.

8. Conclusions and Recommendations

Although the principles by which this heat pipe receiver has

been designed are well established, many new features are

embodied in the concept. The key issue, simply put, is to

demonstrate that the cavity heat pi?e receiver can provide

sufficient operating life to achiev_ economic viability. Because

of the initial cost projections for the heat pipe and the

impracticality of refurbishing the _/nit after a failure, the

target operating life is expected t_ be approximately 20 to 30

years. Over this period of about 80,000 hours of operation, one

must expect something on the order of 20,000 thermal and pressure

cycles.

For these reasons accelerated life testing procedures must be

developed first for components and then for a complete receiver.

Thermacore's powdered metal wick process appears to have an

excellent applicability to this set of design problems. However,

they have not had the opportunity to demonstrate these techniques

on anything in this size range.

Long term corrosion related issues continue to be a key

concern of NASA specialists. To address these concerns a

composite wick, artery and absorbe_ should be tested.

Representative welds should also be present and dynamic sodium
mass transfer must occur. We would suggest using a small i"

diameter tubular configuration which could be produced with

existing Thermacore tooling. Unwicked end caps should incorporate

welds similar to those recommended for the receiver. Having

operated such a test for 6 months to a year, the tube should be

dissected and analyzed. Some measulable corrosion will be

detectable by a scanning electron _icroscope or other specialized

instruments.

To establish confidence in the integrity and functionality of

the powdered metal wick sintered tc the solar absorber, the next

step in the development should invclve testing a segment of the

evaporator. It is recommended that a representative test specimen

be prepared by sintering wick and _rteries to a 15 inch x i0 inch

rectangular piece of the absorber _heet. For this first

demonstration, the sheet would be _ormed to a 90°arc with only a

lengthwise plane of curvature. The 15 inch dimension represents

approximately the distance from ba_e to apex of the proposed
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hemispherical dome while the i0 inch width is about the distance
between arteries. Two or more radial arteries and the joining

section of the circumferential arteries should be also attached.

This scale should reveal any problems associated with the

fabrication technique without an excessive amount of tooling

costs. It is believed at this time that the extra non-recurring

expense for making mandrels with both planes of curvature would
be less cost effective.

Once the specimen has been fabricated the critical procedures

and cost related risks should be well understood. The next step

should be to perform some mechanical endurance tests. A test rig
could be designed to induce comparable stress levels in the

composite structure by mechanical means. A bending stress in

such a thin shell is similar to the actual thermal stress

profile.

The FEM model developed under this contract could be also

used to predict the deflection needed to simultaneously induce

wick tensile and absorber compressive stresses. Switching the

displacement to a smaller amount in the opposite direction would

simulate the cold condition. It is not possible to duplicate the

exact operating stress conditions, but this approach would make

it possible to compile a large number of cycles quickly. Various

fabrication parameters (pressures, temperatures, rates, cleaning

preparation, alloys etc.) could be efficiently compared on a
quantitive basis.

Early indications of the required engine development schedule

project that it will be about one year longer than that of the

receiver. This would then permit sufficient time to conduct the

tests recommended above and build and characterize a complete
receiver. Receiver characterization would be conducted first in

the lab and then on the Test Bed Concentrator. The heater head

tubes, as part of the receiver, would be cooled with a pumped

working fluid. This gas would be pumped undirectionally in the

test for simplicity and to allow for an accurate energy balance.

These tests would also incorporate an extensive number of

thermocouples and strain gauges secured to the heat pipe.

Presolar characterization and check out could be effectively

conducted in the laboratory environments.

Figure 22 illustrates a scheme which could be quickly

implemented which uses Sanders existing solar test equipment.
Producing 75Kw from radiant electric sources within this small

cavity would require a more sizable investment. This simple

approach would use our microprocesser controlled propane

combustor to impinge hot gas on the cavity dome. This combustor

is designed to be controlled by a thermocouple mounted in a

critical location on the test unit. In this case it could be set

to maintain the absorber surface temperature at nominally 7000C.

As more or less heat is extracted from the engine simulation

loop, the combustor would automatically maintain the surface

temperature within very tight limits.
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In addition to the performance characterization and

operations checkout, the forced hot air approach could be used to

relatively quickly accumulate thermal cycles on the unit. Simply

extinguishing and relighting the combustor while maintaining air

flow would produce alternate heating and cooling cycles. With the

radiant heaters it would take a very long time to cool the system

down between cycles thus making it impractical to consider a

moderate number of cycles. The gas cooled sequence would quickly

cool down the heat pipe making accelerated life testing feasible.

This testing can also incorporate a means for simulating the

axial vibration of the engine to observe its effect on heat pipe

performance. The lower sketch on figure 22 illustrates how the

receiver can be mounted on a subframe supported on vibration

isolators and excited in the axial direction by a small motor

with eccentric weights on its shaft.

The final phase of the receiver development should be to test

the receiver on the TBC without the engine. Performance

characterization, starting methodology and engine controlled

transient response tests can only be effectively conducted under
actual solar conditions.

Receiver performance related issues include studies of

convection losses from the cavity and designing the cavity for

sufficient thermal capacitance to maintain molten sodium in the
arteries and reservoir for 16 hours. A brief outline of a method

for experimentally analyzing cavity convection effects was

provided in section 5. This experimental work should also be

integrated with a computational analysis in order to provide a

better understanding of the phenomenom. It is very conceivable

that changes to the receiver in the vicinity of the aperture

plate could reduce the severity of wind effects.

Sanders recommends that the option phase of this program

should focus on developing a test plan which includes presolar

activities and comprehensive solar tests. A summary of the

recommended development phases is presented in figure 23.
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Recommended tteceiver/HTS

Developmellt Phases

Fabrication Development

• Develop process for sint_ ring wick and artery to a sector

of the dome

• Conduct, flexure tests or suitable speciman to insure in-

tegrity of wick and inter'acial bond (_700°C)

Model I Receiver/HTS

• Assemble shell, insulaticn, structure

• Fabricate heatpipe with simulated engine heater head

o Conduct auxiliary comt ustor checkout test in lab with

simulated engine heat e: traction (test vibration and ori-

entation sensitivity)

Test Equipment on TBC with Simulated Engine

• Survivability demonstrat, ion

thermocouples)

• Characterization of lo;ses

modeling/optimization I

Build Model II Heceiver/HTS

Start up procedure/met lodology/accessories

(strain gauge, calorimetry,

• Integrated with engine

(data reduction/analytical

= Sarmders
A Lochbe,*d Comp, ny

Figure 23
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APPEND _X A

Hand stress calculations for heat pipe vessel

and attachment points to evaporator lome and engine.

The Solar Receiver Design Concept has been reviewed for

potential problem areas. The change from a 160 o spherical

section to a full 180 o section has improved the structural

design and will tend to reduce the stresses due to the pressure

loading at the joint with the cylindrical section. (see

location 3 in Figure i).
There are a few areas that should be analyzed more

thoroughly. Due to the internal vacuum inside the cooling

chamber and the relatively large si_e of the chamber, the

resulting stresses could be quite high. Every joint or shape

discontinuity in the structure is a potential stress riser. To

get a rough idea of the magnitude ol some of these stresses some
hand calculations were run. These calculations can be found in

Appendix A. The following table sur_marizes the results.

Location Thickness Cylincer(C)

End plate(E)

Max Stress

(k.s.i.)

1 .125 E 20.7

1 .25 E 4.0

2 .125 C 29.5

2 .25 C 7.1

3 .125 C 7.3

3 .25 C 1.7

3 .125 E 86.4

3 .25 E 21.6

3 .375 E 9.6

3 .5 E 5.4
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**NOTE: The cases selected from Roark to calculate the

stresses were not exactly representative of the

structure proposed. To get more accurate results a

finite element analysis is recommended.

RECOMMENDATIONS

The following changes will help reduce the stresses:

I. Increasing the material thickness in the areas of
concern.

d

2. Decreasing the diameter of the cylindrical section

at location 3 (see figure i) so that it is as close

as it can be to the diameter of the spherical

section (see figure 2).

,

.

TO reduce the stresses location 2, it would help if

the plate is shaped more spherical or with a

generous radius to form an o-give shape. (see

figure 2)

Welded joints should be acceptable but should be

looked at in more detail when the design is

analyzed more thoroughly. ,
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Appendix B.I

All specularly reflected rays entering the spherical cavity
through the aperture (d) will pass through the image "disk" (d).

1

L
P

l
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The magnification ratio M = d = s

Were
1+1=2

and s = i +R

1=2_1

s'= sR - (I+R)R =
2s-R 2(I+R)-R

M= S'= SR 1 = R

2s-R s 2S----_R

BI+R 2

21+R

= R = R

2(I+R)-R 21+R

P _ s-s' =I+R- RI+R 2

21+R

_212+21R+IR+R2-1R-R 2

21+R

=212+21R = 21(I+R)

21+R 21+R

=exit angular acceptance

=sin-l(d/2P)

[41(I+R

Fraction light that escapes = F = sin_
sln 8'

8=concentrator rim angle

d sin @ - d' sin 8'
i

sin 8' = d sin 8 =(sinS)/M

=(21+R) sin@
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Therefore d (21+_)

F E 41(I+F) d R

21+R sine = 41(I+R) sine

R

For the case where all reflections are lost, F=I, find 1

d R= 41(i+_) sin8

412+41R-Rd-0

12+IR-Rd - 0

4

2

For our case, R=9.5 inches, d- 8 inches

1 min = 1.70 inches

In our case,1 - R-d/2 - 5.5 inches

Therefore some specular reflections will hit conical cavity

wall. This percentage of the reflected power - I-F

F= 4* 9.5

4"5._ (5.5+9.5) sin 45 °

- 16.3% escapes on first reflection

If the average (spectrally int_ grated) reflectivity of the

absorber surface is 15%, the emitted power on the first

reflection is .163x.15-2.44%

Secondary reflections, assumed to be diffuse, with Fv as the

view factor of the cone to the apelture, calculated in appendix

B.2.

=(l-F)*pa • pc * Fv

= (1-.163) (.15) (.15) (.239) = 0.45%

The total for the specular abs_,rber is therefore 2.9% which

compares to Appendix B.2 diffuse c_ Iculation of 2.3%
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Appendix B.2

Calculation of cavity reflection losses assuming purely

diffuse optical characteristics of a spherical section absorber

and conical cavity walls.

.'A2

: h

_-Aq

In diffuse reflections the direct transfer between the

absorber and aperture can be represented by the geometric view

factor from plane 3 to plane i.

FVI2-i/2 [ X- _X2-4 RI_I21 (reference 6)

where X - 1 + I+R22

--_i _

R 2 = r2/x

R 1 = rl/x

For r, - 19 inches and r2-4 inches, x =5.5 inches

X = 1.512

R 1 m 1.727

R 2 = 0.727

FVI2 = 12.89%

and FVI3 = I-FV12=87.11%

Using reciprocity relations

FV32 -FV23 A2/A 3

FV23 =I-FV21 - I-FVI2 AI_A 2

=1-0.1289 192

-_2

56

]76



=0.278

A3=_ 19 19 _ + (5.5+4 ) - 4. 42+42

--g --g

=329.9 in 2

A2-_/1__ " 283.0in 2

FV32 - .278 _ 283 = 0.239

329.9

Direct flux from absorber throulh aperture

Ql2=pa* FVI2 * Pc

Indirect flux from absorber to :avity cone, then through

aperture.

Q132=pa*FV13*pc* FV32 *Pc

All other internal reflections _re much higher order terms

pa=pc QI2/P Q132/P Q total/P

0.15

0.i0

0.30

1.92% 0.34% 2.26%

1.27% 0.15% 1.43%

3.84% 1.36% 5.2%

Pc=Total solar power incident on absorber

_a=Reflectivity of absorber, total hemispherical

_c=Reflectivity of cavity walls, total hemispherical

A]=Area of conical cavity walls

A_=Aperture area
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APPENDIX C

Absorber Coatings to Minimize

Oxidation/Corrosion

and Improve Cavity Performance

• 6r203 or Zr03 + Cobalt Nitrate

- Have good absorptivity/

emissivity ratio

- .005 to .010 inches atomized spray

coating has good resiliency

-Can be cheaply applied or

reapplied in the field

• Ni-Co-Cr-A1-Y or Co-Cr-AI-Y

- Oxidation/corrosion resistant

coatings for gas turbine blades

__z_ Sanders
A Lockheed Company
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APPENDIX II

HEAT-TRANSPORT SYSTEM ]_OR A 25 kWe

ADVANCED STIRLING CONVERSION SYSTEH

FINAL REPOR_i"

Period Covered: November i!.986 - June 1987

Prepared For:

Mechanical Technology 7_ncorporated

Latham, New Y(,rk

Prepared By

Thermacore, 11c.

Lancaster, Pennsylvania
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1.0 IN3RODUCTION

The overall objective of the MFI Advanced Stirling Cycle Conversion

System (ASCS) Program is to provide a low-cost free-piston Stirling

engine system to generate electric;l power. The ASCS will be a ground-

based system used to convert approximately 75 kW of concentrated solar

energy into 25 kW of electrical energy. The solar energy will be

collected by an II meter diameter t, st bed concentrator and directed into

a solar receiver. The solar energy will be transferred to the Stirling

engine by a heat pipe system. _n illustration of a proposed system

arrangement using a single heat pip,_ is shown in Figure i.

Thermacore wass under contract with MTI to design the heat pipe

system for the ASCS. Specific o!,jectives include designing the wick

structure, evaluating heat pipe wick: and pressure boundary materials, and

analyzing the heat-transport characteristics of the heat pipe system.

This report documents the work done by Thermacore under the MTI contract.

PRECEDING PAGE BLANK NOT FILMED

183



OF p O0_ _U_L!_

/'

/

k

\
\

\

\
!

I

184



2.0 CONCLU;IONS

Several conclusions were reached a= a result of the work effort for

this program. These conclusions are br efly summarized below:

I. Single and multiple heat pip_ concepts were evaluated for the

ASCS. The single heat pipe design wa; selected because it exceeds the

design requirements and provides a l_wer cost heat-transport/receiver

system. These designs are both described in Section 4.2.

2. Sodium was selected as the working fluid for the receiver heat-

transport system. Sodium provides a high liquid-transport factor and,

based on existing life-test data, sho_s the potential for compatibility

with Inconel 600 series alloys. An _valuation of sodium and of alter-

native working fluids is given in sect:on 4.3.1.

3, Inconel 600 series alloys hive been selected for the absorber

surface. These alloys were selected b, cause they bavel

o good high-temperature mechan cal properties

o high oxidation-resistance characteristics

o potential for compatibility _ith sodium

o good sinterability to the ni:kel wick structure

o relatively low-cost for supecalloy materials

These factors are discussed in more detail in Section 4.3.2.

4. Two artery designs were exaluated for the absorber surface.

These designs are a radial and a p _rallel artery configuration. The

radial configuration was selected prirarily based on ease of fabrication.
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The selected design provides two fully-redundant artery systems such that

if one system fails, the other system can meet the load requirements.

This design is described in Section 4.4.

5. As a conservative measure, an electric heater has been incorp-

orated in the receiver design to liquify the sodium before heat pipe

start-up. This helps to assure that liquid sodium will be available to

supply the wick structure during the start-up transient. This feature is

discussed in Section 4.5

3.0 RECONHENDATIONS

This program has identified a heat pipe design that will meet the

ASCS design requirements. The design analyses are based on well-

established heat pipe calculational methods. The proposed fahricational

methods are based on Thermacore's sintered powdered metal wick tech-

nology. This technology has been successfully demonstrated in many liquid

metal heat pipe development programs. However, the geometry requirements

for the ASCS application are unique: a working heat pipe of this

geometry has not been conclusively proved by test. Consequently, Therma-

core recommends that a full-scale, truncated-width section of the

absorber surface be fabricated and tested. This work is believed to be

one of the next steps to help assure the operational success of a full-

scale heat pipe receiver.
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4.0 WORK E_"FORT

The work effort for this program has been divided into 5 inter-

related tasks, as follows:

o Task i: Establish Desigr Requirements

o Task 2: Evaluate Single and Multiple Heat Pipe Designs

o Task 3: Select Heat Plp_ Working Fluid and

Containment/Wic_ Materials

o Task 4: Heat Pipe Desig_

o Task 5: Establish Start-up and Shut Down Procedures

These tasks are described in the f(llowing sections:

4.1 TASK i: ESTABLISH DESIGN REQUIREM}NTS

The design requirements for the ASCS heat-transport system are

summarized in Table I.

TABLE i. Design }equirements

Parameter

Transport Power (kW)

Evaporator Diameter (in.)

Evaporator Heat-Flux (W/cm 2)

Vapor Temperature (°C)

Working Fluid

Operating Life (hr)

Operating Cycles

Magnitude

75

14 24

25 75

700

Sodium

60,000

20,000
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The evaporator heat flux profile on the absorber surface has been

determined by Sanders Associates. This profile is presented graphically

later in this report, Figure 12.

4.2 TASK 2: EVALUATE SINGLE AND MULTIPLE HEAT PIPE DESIGNS

Two methods to transport heat from the solar receiver to the

Stirling engine have been proposed. One method uses a single heat pipe

and the other method uses multiple heat pipes. These concepts are shown

in Figures 2 and 3.

The two heat pipe concepts have several advantages and disadvantages

as outlined in Table 2. These items are discussed below:

TABLE 2. Evaluation of Heat Pipe Concepts

Integration
with ASCS

Redundancy

Integration
with Thermal

Energy Storage

Cost Low

Single Heat Pipe

Design

Easy to Integrate

Provides no Neat Pipe

System Redundancy

Can Be Integrated

Multiple Heat Pipe

Design

More Difficult to

Integrate

Provides Individual

Pipe Redundancy

Can Be Integrated

More Expensive Than

Single Heat Pipe Design

O Integration with ASCS.

somewhat easier to integrate with the Stirling engine.

fewer weld joints and consequently fewer failure points.

6

The single heat pipe concept is

It has
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o Redundancy. The multiple _Jeat pipe design provides the

advantage of individual heat ;ipe redundancy. This system can

be designed to continue operat ng after a heat pipe failure.

o Integration with thermal storage. Both the multiple and single

heat pipe design can be integrlted with thermal storage

techniques. For example, sealed canisters of thermal storage

material could be integrated into the heat pipe vapor space.

However, the detailed design )f thermal storage is not within

scope of this effort.

o Cost. The single heat pipe design provides a lower cost design

than the multiple heat pipe design. This results primarily

because of the sintering and processing costs associated with

the heat pipes. These cos :s are labor intensive and not

directly related to the heat )ipe size. Consequently, in this

case, the multiple number of smaller heat pipes will be more

expensive to sinter and process than a single large heat pipe.

The single heat pipe design was ;elected for this program. This

design will meet the performance requilements and provide the most cost-

effective heat-transfer system for the _SCS.

4.3 TASK 3: Select Heat Pipe Working i_luid And Containment/Wick

Materials

This section describes the selection of the heat pipe working fluid

and the criteria for selecting the heat pipe containment and wick

materials.
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4.3.1 Working Fluid Selection

In a heat pipe, the ability of a working fluid to transport heat is

a function of its physical properties. The _elative amount of heat that

the working fluid will transport can be determined from the liquid

transport factor. The factor is given by the equation:

Where:

T - p£ o hfg / p£

T - Liquid Transport Factor

p£ - Liquid Density

O - Surface Tension

hfg - Enthalpy of Vaporization

pi - Liquid Viscosity

The properties of a good working fluid are:

o High surface tension to provide a high capillary pumping

pressure.

o High enthalpy of vaporization and liquid density to provide a

high heat absorption/rejection during phase change.

o Low liquid viscosity to minimize the liquid pressure drop.

These properties are dependent on temperature and consequently the

liquid transport factor is a strong function of temperature. This factor

is shown in Figure 4 for several working fluids as a function of tempera-

ture.

At the expected operating temperature range, 700-800°C (973-I073K),

liquid metal working fluids have the highest liquid transport factors.

i0
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Lithium has the highest liquid transport factor at the expected

operating temperature, but there is limited data showing lithium to be

compatible with superalloy and stainless steel materials. Lithium is

generally used with refractory wall materials. However, superalloys or

stainless steels are preferred for this application because they provide

a lower cost containment vessel than refractory metals.

Sodium has the next highest liquid transport factor at the expected

operating temperature and shows the potential for meeting the operating-

life requirement when used with stainless steel or superalloy wall

materials. Several examples of demonstrated life-test data of stainless

steel and superalloys with sodium are shown in Table 3.

Consequently, sodium has been selected as the heat pipe working

fluid for this program.

4.3.2 Containment and Wick Materials Selection

This section describes the basis for selecting nickel as the wick

material and a 600 series Inconel as the containment material for the

heat pipe.

The wick structure provides a means of transporting the working

fluid, by capillary action, to the evaporator surface. Screen, grooves

and sintered powder metal are alternative wick structures that were

evaluated for this program.

Screen wicks are difficult to bond to the evaporator surface and

consequently leave gaps at the wall. These gaps allow vapor generation

in the wick which disrupts the liquid flow. This effect reduces the

heat-flux limit on the generator surface. A grooved wick structure was

12
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TABLE 3. Life-T_st Data

Wall Material

304 S.S.

304 S. S.

304 S.S.

Haynes 25

Hastalloy-X

Ni

Incoloy 800

Working Fluid Tem_.°C OperaTing Reference

Sodium 80) 12,760 1

Sodium 732 11,500 2

Sodium 7C) I0,000 3

Sodium 7]2 12,000 2

Sodium 715 33,100 1

Sodium 8(0 13,755 1

Sodium 850 24,000 4
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of Low-Cost Liquid Meta] Heat Pipes," 3rd

International Heat Pipe Conference, Palo Alto,

California, May 22-24, 1978.

4. Thermacore, Life-Test Heat Pi_e, test is currently
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also evaluated. However, the grooves can not provide enough capillary

pumping pressure to overcome gravity and the liquid flow resistance.

The sintered powder metal wick structure overcomes these dis-

advantages. Because it is sintered to the receiver wall, it does not

provide any wall/wick gaps. Additionally, the powdered metal wick

provides a high capillary pumping pressure and, by incorporating arter-

ies, provides a low liquid pressure drop. Previous experience at

Thermacore has shown a heat-flux capability of 400 W/cm 2 with sintered

powder metal wick structures and sodium as the working fluid. Details of

the wick design are given in Section 4.4.

The powdered metal wick materials must be sinterable to the contain-

ment vessel and be compatible with sodium, the working fluid. In

addition, the thermal conductivity and thermal expansion of the wick

material are important properties.

The thermal conductivity of the wick is important because it affects

the boiling limited heat flux. A wick structure that has a high thermal

conductivity will be less likely to boil at a given heat flux than a wick

structure with a low thermal conductivity.

The thermal expansion coefficients of the wall and wick materials

have also been considered. Large differences in these coefficients

provide shear stresses at the wall-to-wick interface. These shear

stresses can be minimized by selecting materials that have similar

thermal expansion coefficients.

Thermal expansion coefficients of nickel, Inconel 600, Inconel 601,

304 Stainless Steel, Incoloy 800H and Inconel X-750 are plotted in

Figure 5. This plot shows that the thermal expansion of a nickel wick

14

196



Z
¢

ZZ^

P

I. 2E-_5

1.1E-05

1. OE-_

_, 0£-86

8,6E-@6

7.gE-8_

6,gE-g6

k
1

I

THI_I_L EXPA_]O_ COE]-F|CID_ US. T['I_._F)_ATUR[
FOE U_RIO'U$ _LI.0YS

OR|GINAL pAGE IS
OF pOOR QUALil"_'

/
/"

.s. ./_

f/+

5, gE-g6 I_ I I l

g 2_ 4_ G_

I l _ .i .... _ .... __J L

8_ Ig_ ;2_ 14_g 16_ 16@g

TD(P[]_ATUP,[ (de_ F)

Figure 5. Thermal expansion coefficient versus temperature

]5

197



material closely matches the thermal expansion of the Inconel 600 series

alloys.

The Inconel 600 series appears to have the most potential for

meeting the requirements of he ASCS. The specific alloys identified

include Inconel 600, 601, and 625. Any of these alloys will most likely

meet the heat pipe wall material requirements. However, the 601 and 625

alloys may provide a reduction of hydrogen permeability over the 600

alloy. This permeability reduction results from the formation of a

aluminum oxide layer on the exterior surface of the absorber.

4.4 TASK 4: HEAT PIPE DESIGN

Heat pipes are sealed, evacuated devices that transfer heat by

evaporating and condensing a working fluid. They are passive devices and

do not require external power for their operation. Figure 6 illustrates

a cut-away view of a typical heat pipe. Heat is input to the evaporator

section and evaporates some of the working fluid. This increases the

local vapor pressure and causes the vapor to flow to the other end where

it condenses. The condensed liquid flows back to the evaporator section

by the capillary pressure which is developed by the wick structure.

The thermal transport system for the ASCS is a hybrid heat pipe and

reflux boiler. In this design, the working fluid liquid is distributed

over the evaporator surface by a wick structure, as in a heat pipe. The

working fluid is evaporated from this surface and is condensed on the

evaporator section by draining from the tubes as in a pool boiler. The

proposed design is shown schematically in Figure 2.

16
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Figure 6. Cutaway view o a heat pipe

In order for the liquid working flu d to be distributed over the

evaporator surface, the capillary pressure supplied by the pores in the

wick structure, APc, minus the gravitatio_al head, APg, must exceed the

sum of the opposing liquid and vapor pressure drops.

17
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AP c APg _ AP v + AP%

where:

/A_P c -- 20/r c

/_Pg - Pgh

f_Pv - (SP m/ p _rev 4) Lev

/_ P - ( _ Lef f m/ p KA)

The vapor pressure drop, APv, is negligible in this design because

the effective area for vapor flow is large and the mass flow rate is

relatively small.

The liquid pressure drop through the wick, AP£ , is a significant

term and provides the limiting heat flux factor. This pressure drop is

caused by viscous drag in the liquid as it passes through the sintered

porous flow passages.

Two wick structure concepts were evaluated for this program. These

wick structures use either radial or parallel artery arrangements. Both

concepts use a circumferential artery which allows the heat pipe to

operate in any orientation. This is accomplished by providing continuity

between the working fluid pool and the artery structure. As shown in

Figure 7, the artery is fed by the pool of liquid regardless of the

receiver orientation.

18
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The radial artery design is shown in Figure 8. The inner surface of

the hemispherical shell is coated with a sintered powder metal wick. The

porous powder metal provides the capillary pumping force to distribute

liquid over the entire surface. Arteries that radiate from the center

are joined to the circumferential artery at the outer perimeter.

The maximum heat flux that the evaporator surface can sustain is

limited mostly when the liquid viscous pressure drop exceeds the wick

capillary pumping capability. This condition causes insufficient liquid

to return to the wick structure causing local dry out and a "hot spot".

Figure 9 shows the results of wick dry-out calculations for the

radial artery design. The maximum heat flux is a function of the angle

phi, which is defined in Figure 8. The effective distance that the

liquid must travel is function of phi and therefore the dry out limit is

also a function of phi. Points in the wick that are close to an artery

are easily fed with the working fluid. However, as the distance between

a point in the wick and an artery becomes larger, the viscous forces in

the liquid make it harder for the wick to be fed. This result is

illustrated in Figure 9. Near the center of the evaporator surface,

phi-0, the point is near to radial arteries and the allowable heat flux

is high. Also, near the circumferential artery the allowable heat flux

is large. The point at which the allowable heat flux is a minimum, is

the point at the greatest distance from any artery.

The maximum heat flux is also potentially limited by boiling in the

arteries. If a vapor bubble nucleates below an artery, pushes into the

artery and displaces the liquid, the artery will fail to deliver liquid

20
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Figure 8. Radial artery design
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throughout the wick. This will cause the wick to dry out. The boiling

limit is also shown on Figure 9.

Figure I0 illustrates the parallel artery design. The arteries are

equally spaced and attached to a circumferential artery as shown.

Because the arteries are equally spaced, the allowable heat flux is a

function of the number of arteries. The allowable heat fluxes for

varying numbers of arteries for the parallel design are shown in Table 4.

TABLE 4. Results of Preliminary Dry-out Calculations

for Parallel Artery Design

Working Fluid

Wick Material

Temperature

Dome Radius

Wick Thickness

Wick Permeability

Pore Radius

Boiling Limit

Sodium

Nickel

700°C

9.5 in.

0.06 in.

-12 2
6x10 m

-5
1.9x10 m

125 W/cm 2

Number of

ArterSe s
Heat Fluxpq/A

_W/cm-)

19.7

54.8

107.5

177.6

24
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The radial artery design, as il ustrated in Figure 8, has been

selected for the ASCS program, This d_sign appears to be more complia_Lt

than the parallel design and consequently will be more tolerant to

thermal stresses. Additionally, the radial design will be somewhat

easier to fabricate than the parallel atery design.

Table 5 summarizes the heat pipe design features. Figure ii is a

schematic of the artery design. Two lully-independent sets of arteries

are provided for redundancy. Consequently, if one artery system fails

the other system will be able to handle the heat load.

TABLE 5. Heat Pipe Design Features

PARAMETER

Evaporator Diameter (in)

Wick Thickness (in)

Wick Material

Mesh Size

Pore Radius (m)

Permeability (m 2 )

Number of Radial Arteries

Number of Circumferential Arteries

Artery Inside Diameter (in)

Working Fluid

Mass of Working Fluid (g)

Maximum Heat Flux (W/cm 2)

Average Heat Flux (W/cm 2)

25

MAGNITUDE

19

0.060

Sintered Nickel Powder

-250 + 325

2.0 X 10 .5

5.0 X 10 -12

8

2

0.093

Sodium

400

40

2O
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The results of the heat pipe performance calculations are shown in

Figure 12 along with the expected in( ident heat flux as calculated by

Sanders Associates.

The predicted boiling limit heat flux at 700°C is about 125 W/cm 2,

which is a factor of 3.1 above the max:mum incident heat flux.

The wick capillary pumping limit is shown in this figure for the

artery system of one circumferential a_d four radial arteries and for the

artery system of two circumferential and eight radial arteries. This

figure also shows that if one of the two artery systems should deprime,

the wick structure will have suffici, nt margin to operate on the other

artery system.

4.5 TASK 5: ESTABLISH START-UP AND HUT-DOWN PROCEDURES

This section describes the preiminary work effort to define the

start-up and shut-down procedures.

During steady-state operation, l:quid sodium is present at the wick-

to-sump interface such that the licuid can enter the wick structure.

However, during the start-up transi0_nt, the sodium in the sump may be

frozen. As heat is input to the _vaporator, liquid in the sump will

begin to melt and enter the wick str_cture.

As the liquid melts, a void m;y form between the wick surface and

the unmelted sodium mass. This void could potentially prevent liquid

from returning to the wick structur,:. This condition is illustrated in

Figure 13.
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Two potential methods to prevent this problem have been identified.

One method uses fins to provide a conduction path from the wick surface

to the unmelted sodium and the other method uses an electrical resistance

heater to melt the sodium before start-up.

The resistance heater approach has been selected for this program.

It provides a simple method to insure that liquid sodium is available for

start-up. Preliminary calculations show that about 160 watts of power

are required to maintain the circumferential liquid pool at 150°C while

the ambient temperature is -6°C. The resistance heater arrangement is

shown schematically in Figure 14. Future development work should

evaluate alternative design approaches, such as fins, to assure proper

start-up operation.

During the shut-down procedure the receiver should be oriented in a

vertical position so that the sodium uniformly fills the sump. This will

minimize the time required to melt the frozen sodium before the next

start-up cycle.

____/Absorber

Heater

Figure 14. Schematic of resistance heater placement
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BASIS FOR TRADEOFFS BETWEEN MFC COS:S,REPLACEMENT

COSTS,O&M COSTS,LIFE AND EFFICIENCY FOR SOLAR/

STIRLING POWER MODULE.

The objective of the proposed progran is to develop a

conceptual design and cost estimate for a SOLAR/STIRLINC

Power Conversion System from which lhe economical

potential of the concept can be det, rmined.(i.e, the

average annual cost of producing el ,ctric power in $/kwhe

with such a system.)

There are several design decisions in which the best

trade-off between initial cost,repl_cement cost and

replacement interval, and efficiency are not self evident.

A trade off basis is required to s_lect the detail design

parameters or characteristics.

The following are design decisions requiring such trade offs:

(i) Selection of hot side temperature

The initial cost and perfo mance of the engine is a

strong function of the material selected and the

operating temperature of tne hot side components.

The cost of the receiver ;nd heat transport components

are also a function of th_ material selected to meet

the temperature requiremel ts.

In the temperature range '00C to 800C the number of

materials available witb _seful creep strength is

quite small and both the _aw material and fabrication

costs increase as the product of temperature and llfe

increase.

The trade off basis will be used to select the

215
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operating temperature and determine if there is an

economic advantage to designing for replacement at

intervals less than the full design life of 30 years

(90000 hrs).

During the temperature selection process the engine

pressure will also be selected and the potential of an

active pressure control system assessed.

(2) Selection of alternator concept and characteristics

There are two basic alternator types being considered

One type uses permanent magnets to generate the flux

and the second induces the flux with a d.c. coil.

There are variations in manufacturing cost and

efficiency for which a trade off is required to select

the best design.

(3) Seal characteristics;

(a) For the initial reference non contacting seats will

be evaluated. The manufactured cost is a function o

the clearances and tolerances specified.The goal is

the development of an inherently producible design

which minimizes tolerance stack ups on clearances.

There will still be a trade off between manufacture

cost and efficiency in setting the final clearances

(b) If acceptable cost or efficiency cannot be achieve

with non contacting seals the potential of contact

seals to meet the goats will be evaluated. This will

require a trade o[f between initial cost,efficiency

and replacement cost/seal life.

216
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(4) Cooling System

The radiator size,fan size(power) and

coolant pump size (power) wil] De selected to

optimize the cold side temperature to give a

balance between efficiency and cost.

UNIT COST FORMULATION

The basis for the trade offs will lea simplified estimate of

the average unit cost of producing electric power

The total unit cost is given by:

UT = Average annual cost ($)

Annual productlon (k_he)'

The total unit cost is assumed to de made up of the following

components:

UC = Unit cost required to r_cover the initial installati

cost of thr collector�receiver/engine-alternator.

UB = Unit cost required to r, cover capital cost of the

balance of plant.

UR = Unit cost required to _over the average annual cost

of replacements (major overhaul) on the engine.

UOMS = Annual operating and _aintenance cost for the solar

module, excluding ma:or overhaul.

UOMB = annual operating an_ maintenance cost for the

balance of plant.

UT = UC + UB + UR + UOMS - UOMB

UB and UOMS are assumed independent of the engine cost and performa

UOMS is assumed to be small compared _o UC and UR

For the trade off analyses the basis will thus be to minimize US

21 r



where US = UC + UR .

For this study the heat delivered to the receiver of one solar

module is defined in the attached table. This is based on the

Test Bed Collector at Sandia.

i.e. 75 kwt at design point

191725 kwt/year

2978 operating hours per year

The peak input to the collector is assumed to be I00 kwt and the

installed cost is assumed to be $150/kwt for a total of $15000.

The installed cost of the engine-alternator plus receiver is

expected to he in the range $10000 to $15000. For the trade off

analyses a nominal value for US of $27500 will be used initially.

Thls will be updated after the first cost estimate is made.

The annualized cost of the initial installation is assumed to be

given by:

US = F * CS

CS = installation cost of the solar module.

F = A capital recovery factor.(assumed to be 0.i for the long

life equipment.)

The annualized cost of major overhauls involving replacements

is assumed given by:

UR = C * CR where C = TR ** -(I+F)

CR = The cost of the major overhaul ($)

TR = The time between replacements (years)

G = a factor to adjust the average from the simple CR/TR to

account for the cost advantage in delaying expenditures.
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The annual energy output _f a sf_iar mocule is given by:

ETAA _ Q[N (kwe/yr)

ETAA = The seasonal average effic ency of the receiver plus

engine-alternator.

QIN = The seasonal input to the rmeiver (kwt)

_TgA is assumed to be .92 * ETAD wher_ ETAD {s the efficiency at

the design point input of 75kwt.

The annual energy o.tp_t is thus:

AKWii = ETAD * .92 * 196000 = ETAD * 172600 kwhe/yr

The unit cost US _s given by:

US = F * CS + G * CR= * CS + G * CR

AKWD ETAD * 172600

The trade off basis is the m_n[mizat{ m of US.
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TABLE 2-1

CALCULATION OF YEARLY KILOWATT-HOURS

Solar Insolation

(kWh)

4

II .8

19.7

27.6

35.5

43.3

51.3

59.2

67.1

75.

82.8

Power Conversion __

Efficiency (%) Hours kW-hr

Engine assumed off 50917 0

Engine assumed off 276_"_, 0

Engine assumed off 20i_ 0
Engine assumed off 216_ 0

21 1811 "_ 1349

25 229 2485

27 261 3615

29 444 7623

31 674 14020

33 1021 25270

31 !68 4312

_.,-_ I.(.=

q-q_G

ZG 7-_

4_ 2Z_

7 @ 67{

TOTAL 58,666 _ 72_

: 5o,Co %

'_0, (,,_

-530
: qv_°A

ORIGINAL PAGE IS

OF POOR QUALITY
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TRADE _)FF BETWEEN 1NSTALt, ED COST AND EFFICIENCY. (with no replacements)

The cost to produce one kilowatt hour of electricity is:

UC = ( F * CI ) I ( ETAD * 176000 )

For an incrementa[ increase in installed cos_i Del(C[) and an incremental increase

in system efficiency DeI(ETAD)

The increment in unit cost is :

De1(UC) = ( F *CI / 176000 ) / ( De[(Cl)l_ I - DeI(ETAD)IETAD)

For DeI(UC) to be less than zero

DeI(CI)/CI must be less than DeI(ETAD)/E_'AD

For Cl about $30000 and ETAD about 33%

ONE POINT IN EFFICIENCY IS WORTH ABOUT $900 IN INSTALLED COST.
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Table A;6. Current Technology an'd Long-Term Component Goals--Continued

Long-Term Component Goals('}

Electrid _1 I

Annual Cost I
Efficiency (%) (1984 $)

OPTICAL MATERIALS

CONCENTRATORS
Central Receiver

Dish

Trough

RECEIVERS

Central Receiver

Dish

Trough

TRANSPORT

Central Receiver

Dish

Trough

STORAGE

Central Receiver
Dish

Trough

CONVERSION(tl

Central Receiver

Dish

Trough

BALANCE OF PLANT
Central Receiver

Dish

Trough

SYSTEM(g)

Central Receiver
Dish

Trough

OPERATIONS & MAINTENANCE
Central Recewer

Dish

Trough

ENERGY COST li)

Central Receiver
Dish

92 101m 2

64 40Im *c_)

78 130/m 2
(e)

90 301m _

90 4-0 _/m _

99 25/m _

9g 7/m 2

98 20/kWht

39 350/kWe

41 300/kW e

NA(h) 30/m z

NA 20/rn z

22 1000/kWe

26 1200/kWe

NA 9/m2-year

NA 10ImP-year

NA 0,04/kWhe

NA 0.051kWhe

10

OF. POOR £UALITY
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Table A-6. Current Technology arid Long-Term c;omponent Goals--Continued

L,mg-Term Component Goals (=t

Electri :(or

Annual

Efficiency (%)

Cost

(1984 $)

OPTICAL MATERIALS

CONCENTRATORS

Central Receiver

Dish

Trough

RECEIVERS

Central Receiver

Dish

Trough

TRANSPORT

Central Receiver
Dish

Trough

STORAGE
Central Receiver

Dish

Trough

CONVERSION(n

Centrat Receiver

Dish

Trough

BALANCE OF PLANT

Central Receiver
Dish

Trough

SYSTEM_e)
Central Receiver

Dish

Trough

OPERATtONS & MAtNTENANCE

Central Receiver

Dish

Trough

ENERGY COSTI_
Central Receiver

Dish

92

64
78
(e)

9(3

90

99

99

g8

39
41

N A (h_

NA

22

28

NA

NA

NA

NA

,I He.f Poc_e _"

101m'._L ,,._ _500 0

30/'m z

;_/m' h- ..-,._5ooo

201kWht

350/kWe
300/kWe _ _ _000

-,-,,., $1_oo0

301m =
201m: _ _ :$ _.,00(::3

lO00/kWe _ 30000
12001kWe ,_,--- ""

9/m2-year

0.041kWhe

O.051kWhe
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OBSERVATIONS ON COST GOALS IN TABLE A6

• The cost goal for the receiver plus HTS

. plus engine/alternator is _'$13,000

or _500$/kWe

• Engine/alternator and receiver performance vs. cost trade-off

is about 12005/kWe

i.e. 1 point in receiver efficiency (90% nominal) is worth _'$300

1 point in E/A efficiency (35% nominal) is worth _'$850

• For 65,000 kWH/year and 2000$/yr

O&M cost in Table = .015S/kWh oul_ of total of .05S/kWh

(Proposed system excluding collector and BOP is projected

to be very small)

• Trade-off between O&M and capital cost

1005 O&M z10005 Capital Cost

12
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SIMPLIFIED COST/PERFORMANCE TRADE OFF

UC = ( F * C ) / ( Ne* Pde }

UC =

C =

F =

Ne =

S/kwh to recover capita

Capital cost per collector-engine system

Capital recovery factor

Operating hours per yea'* (Pav/Pdes)

Pdes = Design power output

Del(OC) = (F/Ne)*(C*DeI(P) P*DeI(C) ) / ( P*P )

DeI(UC) must be less than zero for acceptable trade off.

For Ne and F constant

Del(C) / DeI(P) must le less than C / P

For C = $30000 and P = 25 k_

DEL(C) / DeI(P) MUST B5 LESS THAN 1200S/kwh

(Note: Trade off is independent of absolute values of F or Ne.

]3
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O&M versus CAPITAL COST

Total unit cost is given by

U(tot) = U(O&M) + U(CAP)

=(C(O&M) + F* C(CAP) ) / (N'P)

For N and P constant

Del(U(tot)) = DeI(C(O&M)) + F * (DeI(C(CAP))

Del(U(tot)) must be less than zero for acceptable tradeoff

For F = .01 UP TO $I000 IN CAPITAL COST COULD BE SPENT TO SAVE i00 S/yea IN O&M

COSTS.

]4
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APPENDIX IV

PRELIMINARY DESIGN DESCRIPTION

229





This appendix is included for completeness ard summarizes the design presented

at the Preliminary Design Review. Some of th_ features, such as foil regenera-

tors and/or a ceramic piston, might be considered for future designs.

Figure A4.1 is a cross section through the enline alternator. By comparing with

_igure 4.1 the differences between the prelit_inary and final conceptual design

layouts can be seen.

The major differences are:

i. The foil regenerator is smaller in _iameter (9.5 in. vs. 10.5 in.) and

longer (5.0 in. vs. 3.0 in.) The hot vessel diameter is corresponding-

ly smaller and the hot vessel and displacer dome are correspondingly

shorter.

2. The vessel head wall thickness is s(mewhat larger reflecting the higher

design temperature (800°C vs. lO0°_) in the preliminary design.

3. Minor changes were made in the receiver shell to reduce the joints

exposed to sodium.

4. The reference joint in the ves_el wall outboard of the cooler was

selected to be a friction weld. :_ue to cost and technical uncertain-

ties this was changed to a "wedged braze joint" at the bottom of the

cooler.

5. The displacer assembly was uncha_ged except for the geometry of the

piston to body joint.

6. The power piston and piston cylinler were made from a structural ceram-

ic with silicon carbide the tentative selection. This permitted a



lighter piston. The stuffers and static seal at the stator support,

which are included in the final design, were not required to adjust the

power piston gas spring volume.

7. Alternator cooling is not shown in Figure A3.1, but a cooling jacket

around the vessel was intended. This is replaced by internal air cool-

ing coil on the final design.

Figures A4.2 through A4.10 show the subassemblies and the assembly procedures.
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¢

JOINING BOLT

MEDI UM-CARBON STEEL_

POST AND FLANGE

CAST

DISPLACER DOME

INCO 625

RADIATION SHIELDS

DISPLACER BODY

CAST OR FORGED STEEL

DISPLACER PISTON

_ fCAST IRON

Fig. A4,5

DISPLACER DRIVE ASSEMBLY
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0.7 MIL CLEARANCESEAL
RULONON O,D, --\

;.5 MIL CLEARANCESEAL
_ULONON I,D,

_.5 MIL CLEARANCESEAL ]
).ULONON O,D,

_-----UPPER GASSPRING

__2.0MIL SLEARANCESill
RULONONO.D,

LOWERGASSPRINC

Fig. ,_4.6

DISPLACER DRIVE ASSEMBLY - SEALS
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3TUFFER

300 S. S.

REGENERATOR

300 S.S. FOIL

COOLER
C3oo :mBES)

300 s.s.

SEAL R ING

300 S.S.

PARTITION

WALLS

INCO 625

CYLINDER

LINER

LOW-ALLOY
STEEL

HEATER TUBES
(1OO)

INCO 600

RECEIVER
INTERFACE

INCO 600

HEATER HEAD

INCO 713LC

FRICTION WELD

#//-_RAZING) _

COOLANT

_TRANSITION FLANGE

OW-ALLOY STEEi

Fig. A4.7

HEATER HEAD/HEAT EXCHANGERS ASSEMBLY
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TIE BOLTS (12)

LOW ALLOY _EE_
i ,

TOLERANCE RI__tlSPRING STEEL

E

PLUNGER----_--

LTERNATOR__

AGNETS _

EODYMIUM i

t

PISTON FACE

ALUMINUM
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Fig. A4.9

POWER PISTON/PLUNGER ASSEMBLY

CARRIER

ALUMINUM

I

SPIN MOTOF

"'---MAGNET_

_-_PISTON BODY

SILICON CARBIDE

(SILICON NITRIDE_

/_--PLASTIC RING

I0

240



,._ & ,4
11

241





APPENDIX V

COST ANALYSIS FOR MECHANICAL TECHHOLOGY 25 KW SOLAR DRIVE
ELECTRICAL GENERATOR AS FORECAST UTILIZING PARETO'S LAW

FINAL REPOF T

October 19};7

Prepared Fcr:

Mechanlcal Technology Incorporated/NASA Lewis Research Center

G. Dockett

Mechanlcal Technology Incorporated

968 A1bany-ShaK_r Road

Latham, New Yor_ 12110

R.K. Shalt(:ns
Project Man_:ger

NASA Lewis Research Center
21000 BrookparK Road

Cleveland, Ohi()44135

Prepared Ey:

A. Wurfel, R. Gladstone, R. Osen, and R. Heitsch

Pioneer Engineering and Ma_)ufacturing Company
Research and Develop_ent Division

32384 Edwa,-ds
Madison Heights, Mi,:higan 48071
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RESEARCII SUMM %RY

Title

Contractor
#

Principle

Investigators

Objective

Resets

Cost Analysis For Mechanical Tecl_nology 25 KW Solar Drive Electrical

Generator As Forecast Utilizing 'areto's Law

Pioneer Engineering & Manufactu-ing Company, Research & Develop-
ment Division

A. Wurfel, R. Gladstone,

R. Osen, R. Heitsch

To analyze cost by functional groupings for competitive comparison.
This costing technique to utilizePlreto's Law, where deemed applicable.

10,000 units per annum was the ,rivenvolume.

AREAS OF COMPARISON

M.T.I. S.T.C.

RE _EWER

Receiver Shell

Reflex Boiler
Receiver Shell

Arteries

Wicking

Stifling Engine With
Vibration Assembly

Linear Alternator

CONVERS ON SYSTEM

StirlingEngine

POWER (ENERATION

Hydraulic Output
and Generator

POWER CONDITIOIIING AND CONTROLS

Temperature Sensors
Accelerom eters

Auto Transformer

Tuning Capacitors

Radiator
Fan and Driver

Water Pump and Driver

Capacitor Banks

Synchronous Machine

A U:_ [LIA RIES

Filter 2/10 Micron
Isolation Valve
Fan and Driver

Pump and Driver
Radiator

This device was processed and c_,stedfrom undimensioned layouts and

detail drawings. Tolerance discussions were held with the design

contractor and applicable tolera:,ces were assigned to each manufac-
turing operation; these tolerance: are reflected in the costing. Where

exotic materials were encountered and quantities currently available
on the open market were not found, extrapolations were made to

predict cost based on a driven narket assumption. All costs for this

exercise are based on a I0,000 unit volume. All processes utilized

are current state-of-the-art and do not reflect any forecast outreach.

Final costs, as estimated by P oneer, are 'based upon Pareto's Law

which bascially states that 20% of the major items constitutes 80%

of the whole. Identical approeches were taken on the competitive

designs with the exception on tolerances; the competitive design exer-
cise included detail drawing of components which were costed.

ii|

PRECFY)ING PAGE BI,ANK NOT FILMED
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Technical

Approach

Components were analyzed for complexity and 20% of the total detail

were selected to be cost representative, utilizing Pareto's Law. These

selected components were detail processed and costed utilizing Pioneer's

computerized asset center costing method. Verbal and written dialogues

were maintained with design contractors. Total costs were generated

utilizing Pareto's Law and these cost reflect Michigan labor and

material cost as we know for the year 1986. Extrapolations were
made to reflect 1984 cost as well

_v
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VOLU_E- ICqO00 F::T- 26741-L

PIONEE: E_GINEERI_6

:]LL _F _TE_IAL HITH ;OST

ESC - ASSYRECIE;ER

CO_F'O_EIiT DEEC - T:Y_CATE9 _TY M_TERI_L LAb _[b LAE:F.$

TDOL[NS #E!}HT

=_7,.-I-A _RTE£Y- £_DIAL

VENDOR t.{'

..,.I-I-) A_TEF:TC!:_UM

.._A741-IC ASSY FECIEYER

U_EDOR 67.0

ml267.,-2. HEAT Fi:ESHELL

YE)(DDR 60.

3.10.49 B7109/31

UEN:SR

B £.64 1,6( ._?U ,00 .00

.0000 _ ,_8 .08

12.)6 .5( .lOU .00 .00

.OOOO _ ,ie .I)

I )A:.I7 24.0_ 5.31Y

16.2300

I 22S.C0 13.3( 2.93V .00 .00

14.9000 _ 8,35 2,39

.00 12,6_ +

.00 _5.74

.00 24!._7

13!.0

•0

T:TAL CAST 31.I_00

T_CL!):G

,00

,6,51 .C'O _56.57

.00 .0 .00 V .00 .00 .00

.O0 ,O0 .,,.;"_ .O0

5_2.('7 :£,4> :.66 U ,00 .00

52._5 6.51

171,0

592.07

r( ,=_ c.. =_,.J9

,OF, )'.3(._ <.:: ::_/
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RT5_24 FROJECT- IK

PIDXEERENBINEERINS

_ARUFACTURIN@COST ANALYSIS _.21.27

VOLUME- IOICO0

PART 1- 26741-1-A

P/A- B

_ESC- A_TERY- RADIAL UPG-

DPER O=E_T!9_ _E_CR!PTION

E_UIP STD

P MIN

LA_ COST OCC HRS _URDER BURDEN VAR COST

LAB RATE RATE COST MFG COST

010

]A 1.0 .I00 .0212 .0017 V .00 .0000 .0000

.2124 M !6.71 .0284 .0496

O2O

5_ 1.0 .I00 .0212 .0017V .00 .0000 .0000

.2124 M 20.23 .0_44 .0556

TOOL!RG

.0

2.0

ANNUAL REO-

MAT CODE -

COSTILB

SCRAP F_C -

ROUGH W: -

FINAL _T -

80,000

5T/STL

.000

.0000 "

.0000

ECO_ YR-LOC

PT TYPE - VE!I_R

Kk_K-UPFKC- C.O_

_k_H-UP .0000

[T_E 1.0_0

LAB HIN - .2000

LABOR $ - .0424

B_:DEN V- .0000 TOOL _000

BU_,ER K- .O_2B

SCRAP .0119 TOTAL VAR

K_TERIAL- l.OBO0 TOTAL _FB

2.0

I,]971

1.1771

ORIGINAL PAGE IS

OF POOR QUALITY
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ORIGIPqAL F_G: tS

OF POOR QUALITY

F_OJECT- IKRISO24

VOLU_E- LO,O00 PIA- 2

PART $- 2674!-I-D DESC- A_TERYCI_CUw

GF_ _;E_ATIOHDESC_!_T]ON
EG_IP _ £T_

P M!N

PIONEERENG]_EE_I_G

MA_,urA.....LNJ C[;T ANALYSIS

L._'--Cn T F_CCH_3

3.21.27

UPB-

:,ID_ _ ' I_O ,=_.,u,,:=NE.,C.. VAN COS1

RATE COS1 MFG COST

TOOLING

010
5_ !.0 .250 .05 I .0042V .00 .0000 .OOOO

.2t)4 _ 20.23 .0850 .I]8l

2.<l

ANNUALREG- 20,000

_AT CODE 5TISTL ECON YR-LDC

COST/LB .000 PT TYPE - VE):DGR

SCRkPFAC - 1.0_ _hRK-UF'FAC- O,D_

ROUGH WT - .0000 _ARK-UP .00_0

FIliALWT - .0000 OTHER 6.!T_)

LAB _]H -

LABOR $ -

BURDENV-

BURDEN _-

SCRAP

MATERIAL-

.2500

.0531

.0000

.OB50

.0627

6.1300

TOOL IOOD

TOTAL VAN

TOTAL _FS

2.0

6.3308

6._30B
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PIDNEER ENSINEE_IRB PAEE !

MANUFACTURIRBCOST A);ALYS]S 3.21.27 87/0_/31
RTO024 FRDJECT - IK

VOLUME- 10,000

F'A_T|- 26741-!C

F'IA- I

DESC- ASSY RECIEVER

DF-:_ OFERATIONDESCRIF'TION

010

O2O

O3O

040
w

0._:)

070

OBO

070

!00

II0

,or.

EQUIP M 5TD LAB COST OCC H_S ",,',_r_J_..RPURDEN V_R COST

P MIN LAB EATE RATE COST MF6 COST

8A 1.0 .400 .0943 .00_7V .00 .0000 .0000

_'_ 2_.2B .,_J7 _ 1694 .2637

8R hO .500 .1179 .OOB3V .00 .0000 .0000

•2357 M 3_.76 .3300 .4479

7E4C 1.0 1.500 .3291 -.0250 V .00

.2194 M :9.89

,0000 .0000

.9723 !.3014

I4B 1.0 .500 .I073 .0093V .,?0 .0000 .0000

.2!46 w ::.7_ ._?_i ',',...... _

7E(C hO 4.000 .3776 .6'667V .00 .0000 .0000

•2194 _ :3.B) 2.5940 _._716

]4DI 1.0 _ o,,n LL_,,', <_ , r.,'.._,....V......... .,.00V .,_t' .O00O .u,,O_

.2200 II19.12 ,_060 _ _LLa¢,,J_u,

IA 1.0 2.000 .4248 .0:33V .00 .O00D .O00(J

.2124 M I_.71 ._564 .9812

n ) .0667 .O00Q_A. 1.0 4.000 .9936 V .OO .0000

20A7 .5 II.000 1.20B9 .!_33V .00 .OOOO .0000

.219B _160.12 29.3500 30.5589

13A2 1.0 2.000 ._24 .0_3 V .00 .0000 .0000

.2212 _ _.65 2.81B8 :.2612

20A7 .5 !._5 ,1511 .0229 V .00 .O000 .0000

.21_8 _!:_.12 3.6667 :.BI7B

.0

5.0

.0

_.0

2.0

5.0

.0

.0

.0
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RTB024 FRO_[_T- t_:

VOLUte- IO,OO0 pl_- I

PA_T #- 267_1-IC _ES_-ASSY EE:IEVER

OFE_ O_E_iON DES:_IPTIO_
EgUIP M _T3

ORiGiNAL PAGE IS

OF POOR QUALITY

F!C_EEREI_BI_iERIHG

_AXUF;STURIN6COS ANALYSIS

UPG-

3.21.27

LA_ EOSI OCC H£S _RDEN _URDEH VAR C053

LA_ EAT_ RATE COST MFG COST

TOOLINS

ANNUALREQ- 10,000 LAS MIN - 2_,0B75

MAT CODE - .qlSTL Er_N Y[_-LCC L_BOR $ - ._,'.,070

COST/LB - _,.500 FT TY-"E - VERD_R BURDE,_V- .0000

SCRAPFAC - I.OZ K_EK-UP FAr. 0.0 13URDEHM- _;:,3375
_ 3.91BI

RDuaH6q 25,0700 _,ARK-UP .0000 SCRAP

FIHAL WT - IL2300 _TI<,ER - 105.000 MATER]AL- _43,1&50

TOOL TO00

TOTAL VAR

TOTAL _FG

67.0

395.7276
395,727&

:57



kTS024 PROJECT- I!:

PIONEERENGIKEERIRG

MANUFACTURINGCOST ANALYSIS

VOLUME- lO,OOO

F'ART#- 2L741-2

P/A- I

rESC-HE_T P!FE SkELL

DPER C;ERRTIONDEEC_iPT!C_

E_U}P

OIO

eC2 2.0

PAGE I

3.21.27 B7/08/3!

02O

El} LA_ COST CCC H_S _EDEN _DEN VAR CGET

P tin LAB RATE RATE COST MFG COST

.200 .0943 ,0033V .00 .0000 .0000

.2357 _ _2.17 .2712 .3&55

0)0

8R 2.0 .200

O4O

7E4C t.O 2.000

.0943 .OO:3 V .OO .0000 .0000

.2357 M 39.76 .1312 .22_

"050

7E4C !.0 !0.000

.13GB .D333V .OO .0000 .DO00

.2194 _ 38.89 !.2950 1.73_B

2.!940 .16_7 V .00 .0000 .0000

.21Y4 _ Zt.E9 6.4E30 _,6770

,()_2_V .OO .O00O .OOOO

2_.97 .1741 .2814

I4A! 1.0 ._00 .I073

.2146

TDOLIKG

.0

.50.0

5.0

_.0

.0

A_)_UALREQ-

KAT CODE

COST/LD

SCRAP FAC -

R_USH WT

FINAL _ -

ST/GTL

9.500

I.OX

24.0000

14.gO00

ECC_ Y_-LDC LABOR S - 2._287

.unu_ V- .uuO0

_kR)Z-UPFAC- 0.0_ )_RDENM- _._D45

MArX-UP - .0000 SC_P 2._928

OTHER .000 _ATERI_L- 2_._000

TOOL $000 60.0

TOTALVkR 241._760

TOTALKF_ 241.6760

OF POOR QUALITy

I0

258
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OF "t'_r .....

RTG021 PROJECT- IK

VOLU_E- lO,O00 PART - 1000

CO_PDREWT DES_ - TRUNCATED QTY
T_SL]N5 W£IEHT

2674}-3 HEATER DD_E

VENDOR 52,0 26.0000

26741-4 PARTITIONINNER I

VENDOR 16,0 1.5400

27641-5 REGENERATORDISC 12

VENDOR 32,0 7.2360

26741-6 COOLER HSB

VENDOR 9.0 16.1000

2674}-7 TRANSITIONRINS

VENDOR 5.0 32.6000

26741-8 DISPLAZERDD_E

VEKDDR 16.0 4.2000

26741-9 RADIATIONSHIED 4

VEN)DR 6.0 1.6AOO

2_7_l-10 DISPACERDOME

VE_D_R B.O 1,7700

27641-I! HSPL_;ER

VENDOR 29.0 12.0000

2_741-12 PISTON

VEKDOR 54.0 4.1000

276741-]3 POST& FLANGE

VENDOR 92.7 40.5000

2_741-14 SHELL HSB

VEk_DR .0 _3.0000

5KE 7761-15 SHELL READ

VEW)OR 9.0 121.0000

26741-16 POWER PISTO_

E_OR 37.0 30.3000

26741-17 CYLINDERPOWER PISTO

VEN_DR 17.0 30.3000

_6741-PB _A_R TUBE.

_NIX}R 5._

26741-25 READ PLATE

VE_OR 50.0

PIONEERENGINEERIN

RILL OF MATERIAL NIIH COST

_ESC - CONVERSIC_ASSY

KATE_IAL LAB MIR

I 14_I.000 _4.(0

20.350 2.5

75B.700 5.16

I 103.700 14610

1 IO@.BO0 I_ BO

l 4L700 _ !5

5.900 .24

I 20.900 .iS

l 2!.050 IL21

I 12.5B4 11.00

I 3_.760 9.26

1 217.80O 5.35

1 405.900 10.}0

I IBg,BO0 11.00

159.200 21.60

2.BBO0

1T2.050
 o. o0o

43.2n

6,4_

15

263

LABOR I BURDE_

13.B&V .00

3t.21

PAGE I

15.2] B7111/14

VENDOR

SCRAP _ARK-UP TOT lOST

1.20V .00 .00

5.2G 7,6B .00 772.B6 *

31.4BV .00 .OO

M b3,1b 1.9B .00 200.32 +

3,10V .00 .00

_.54 [.21 .00 122,_S

._BV .00 .00

M !.27 ._5 .00 4L%

.04V .OD .OD

M .24 .OB .00 6.21 *

.4BV .00 .00

M 1.23 .23 .00 22.B_ *

4.OlV .00 .00

M 11.41 .36 .00 36.83

2.39V .00 .00
5._2 .2! .0_ 20.80 *

B.64V .00 .00

27.32 .75 .00 7L47 *

1.17V .00 .00

3.23 2.22 .00 _24._2*

;.IBV .OO .OO

4.94 4.i3 .00 417.15

2.3BV .00 .00

M 5.72 1.9B .OO 199.BB

474V .OD .OO

fl 13.55 1.77 .00 17_.26*

S._OV .00 .00

1.4_ ,.oo .o_
4.21 1.3B .00 13_0_

.59V .OO .00

M 1.51 .22 .00 22.67 *

,OO

15.06 .00 1521.IZ



RTB021 PROJ_'CT- IK

VOLUME- JO,O00 PART - ]000

_GMPONENT DESC - TRUNCATE9

IOOL]NB

2674t-29 COOLINEIUBE

_NDOR .0

PIONEERERSINEERIN_

BILL OF MA_RIAL WITH COST

OESC - CONVERSIONASSY

QTY M_TERIAL LA) _I_ LABD_ $

WEI_I

BdLDE_

PABE 2

15.21 67111114

VENDOR

SS_A? _AE_,-UF103 ZC51

360- 20.B80 28.B0 7.20Y .00 .00

2.]600 M 21.60 .DO .00 49,6B

_MPORENI TOTAL COST

437,7

ASSEMBLYCOST

,0

TOTAL COST

408.1260 3745.074 431.19 94.%V .00

229.2B

.00 3745.07

40.67 .00 4109.98

.00 .00 .00 V .00 .00 .00

M .00 .00 .00 .00

40B.1260 _45.074 431.19 94.96 V ,00

M 229.2B

.00 3745.07

40.67 .00 4109.98

OF/ POOR QUALITY

16
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OF r ........ '.... -.,
..(:,,:'. ; . ,:., /

RTG021 PROJECT - IK

VULURE - I0,000 PART " 1030

COMPONENT DESC - IRUKC_TED gTY

fOOLING WEIBHI

1031 ABSORBER I 37.50

VENDOR .0 7_.0000

1032 POST 2B 22.12

VENDOR 4.0 26.6B40

1033 CAP 2B 7.B4

VENDOR .0 7.9240

1034 SPRING 56 145._0

PURCHASED .0 71.&800

PIORELEENSIHIERING

BILL OF _TER]AL KITH COST

DESC - ABSDIPERASSY

MATEF.I_L L, _ _I_ L_: $ E_CE_

PASE I

1.5$.3B B7110113

VEKDDR

SCRAP ffARK-_FTOT COST

B,O0 1.71V .00 .00

K 3._2 .43

_3.B8 7.5_V .00 .00

2L.60 .5_

31.OB 7.00V .00 .00

24.36 .2B

.00 .OOV .00 .00

.00 .00

CORPONENTTOTAL COST 181.2BBO 213,06 72.% !_.27V

4.0

.00 .00

54.78 1.27

.00 43.4_

.00 56.84

.00 3_.4B i

.00 145.60

ASSEII,BLY CCST .00 .00 .00 V .(;0 .00 .00

.O 11, .OO .00 ,00 .00

72.96 I_.27V .00 .00

54.7B 1.27
TOTALCOST i_1.2S_0 213.0b

TOOLI_;_ _.C

E_UIP_EKT 4,440,200

.00 2E5.3B

265



PRO3ECT- IK

PIONEER,ENGINEERING

_ANUFACTURINGCOST A_ALYSIS 3.2 . 7

VOLU_E- I0,000

PART l- 2_74]-3

PIA- I

DESC- HEATEE Dg_E UP.r-

;PER'

010

E@UIP N STD l_ COST OCC HRS _URDENBURDEN VAR COST

P MIW LA9 RATE EATE COST MFG COST

7E3A !.O 3.300 .7300 .0550 V .00 .0000 .0000

.2212 M 4!.31 2.272} 3.0021

020

7E3A 1.0 7.900 1.7475 .1317V .00 .0000 .0000

.2212 _ 41.31 5.4405 7.1BBO

030

040

7P3 I.O 3.000 .6702 .0500 V .00 .0000 .0000

.2234 _ _I.17 2.0585 2.72B7

14H 1.0 2.000 .424B .0_33V .00 .0000 .0000

.2124 _ i_.71 .5564 ,_812

O&O
7G2 1.0 2.000 .4292 ,0333V .00 .0000 .0000

.2145 " ._.% .?636 1.1928

070.
;i

O8O

7S4 l.[i2S.500 u._52DB ,4250V .OO .0000 .0000

.2!&5 _ 32.75 13.9!8B 1_.4396

B..... O014H I.O 18.000 3. _ .3000 V

.2124 _ IL71

.0000 .0000

5.0130 B.B362

090s

_C 1.0 2.000 .4_bB .0333V .00 .0000 .0000

.._.,4 _ 1.0067

I00

148 1.0 .300 .0644 .0050 V .00 .0000 .0000

.2146 B_.77 .17_0 .2434

PAGE I

8710B131

TDOLING

.0

10.0

5.0

.0

7.0

20.0

.0

10.0

.0

"18

266



PIONEEREN61NEEgIH6 PA6E 2

MANUF_CIURIN6lOST _NP_YS]S 3.21.27 B7/OB/]]R16024 PRB3ECT- IK

VOLU_- 10,000
PART!- 26741-3

P/A- !

_ESC- HEATERDOME

DP_R _PERAT]DNDESCRIPTION

EQU]P M

P

UPB-

$TD LAY DST DCC RRE BURDENBURDE_ VAR _ST

MIN LAB R;_TE RATE COST MFG COST

TDOLIN&

AR_UALREQ-

MAT CODE

COST/L_

SCRAPFAC -

RDUERWT

FIR_LWT

10,000

SIISTL

42.000

34.0000

2_.0000

l_9 HIR - &_.O000

ECON YB-LOC L_BDR$ - I_.B569

PT IYPE - VENDOR 9UR_EN V- .0000

_ARK-UPFAC- ¢.01 _URDENH- 31.20B&

HARK-UP - .OC)O SCR_P - iS.0&07

OTIiER - _3.(00 _ATE_IAL- 1,4_!.0000

TOOL $000 52.0

TOTAL VAR 1,521.1262

TOTAL HFG ij521.1262

OF P_,;_ _:JALiTY

19
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PIONEERENBINEEEING PAG_ 1

MANUPA_TURINSCOSTANALYSIS 3.21.27 B7/08/31RT_024 PROJECT- ]k

VOLUE- 10,000
PART 1-2_74]-4

P/A- I

DESC-PARTITION INNER UPS-

C'.'-ER

m,

O?ERATIDNDESCRIPTION

EQUIP M STD LAB COSI OCC HR5 BURDEN BURDEN VAR COST TDDLIWB

P MIN LAB RATE RATE COST MFG COST

01b

BB 1.0 .250 .05B9 .0042V .00 .0000

.2357 M 26.71 .I122

O20

8C1 1.0 .250 .0589 .0042 V .00 .0000

.2357 M 61.48 .2582

O30

Be1 1.0 .250 .05B? .0042 V .00 .0000

..2357 M &I.4B .2582

7E4B 1.0 1.500 .3291 .0250V .00 .0000

.2194 M 29.93 .74B3

O50

]A 1.0 .200 .0425 .0033V .00 .0000

.2124 M !6.71 .0551

C,_O

14A2 1.0 .200 .0429 .0033V .00 .O00O

.2146 M 23.42 .0773

.OOOO .0

.1711

.0000 6.0

.3171

.0000 5.0

.3171

.DO00 S.O

1.0774

.0000 .0

.097_

.O00O

.1202

ANNUALREO- IO,O00 LAB MIN - 2.6500

MAT CODE GICKEL ECON YR-LOC LABOR $ - .5912

COSTILB 9.250 PT TYPE - VENDOR BURDENV- .0000

SCRAPF_C - 1.0% MARK-UP FAC- O.OX BURDEN M- 1.5093

R_UGHWT 2.2000 HARK-UP - .0000 SCRAP - .2245

FINALWT - 1.5400 DTHER - .DO0 MATERIAL- 20.!500

TOOL $000 16.0

TDTALVAR 22.6750

TOTAL MFS 22.6750

ORIGINAL PAGE IS
OF POOR QUALfTY

2O
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RIG024 )RDJECT- IK

PIONEE_ENBIREERINS

BAHUFACIURIRBCOS A_ALYSIS _,21,27

VOLUME- IO,O00

PART l- 27641-5

P/A- 12

)ESC-REBERERATO_DISC UPS-

OPER OPERATIONEESCRIPIIOW

E_UIF ST) LA3 COST _2 HRS

P _Ik LAB _ATE

010

BCI 1.0 .330 .077( .0055V .00 .0000 .0000

.235" B 61.(B .33BI .415_

020

BCI 1.0 .I00 .0_3, .0017V .00 .0000 .0000

,235= M &I.4B .1045 .12Bl

PAGE I

B710913!

TO@LINB

25.0

7.0

ANNUALREQ- 120,000 LA_ MIN -

MAT CODE - ST/STL ECDN YR-LOC LABOR$ -

CDSTILB 75.000 PT IYFE - VE_2_ _RDEN V-

SCRAPFAC - 1.0_ MA_-UP FA_- _,C_ )_RDEN_-

ROUGH _T - .B430 MARK-UP - ._006 SCRAP -

F!)JALWT .L036 OTHER - .OO{ _TER]AL-

.4300

.I014

.0000

.4¢26

.6377

TOOL $000

TOTAL VAR

TOTAL _FG

_2,0

64.4067

6A._067

ORIGINAL PAGE IS
OF POOR QUALITy

:1

25g



f h.,_cJ: EKSIKEER]NE PASE 1

g_I;dFJFII_EIt_5 COSTAt_.LYSIE 1.3E.13 E?,']OI!3_TGOI_

VOLU_E- 101000
PART |- 2_74J-&

F/A- I

EESC- [_D:Ei: ESS "L}PE-

O,FEP, OFEF:.T,L;.,_.%r11_..S;,

E%L _ ._ STD LAg COST DEC HP..S BURDEI_BUF:DE_,VAR CDST

r' K:I; LA_:RATE RATE COST _.F6C_£T

OLO

7E2 I.¢' 4.900 I.(17BO .OB]7V .00 .0000 .0(40

.2200 _ '_ 2._?I " ":

020,

J'_Z_ 1.0 5.E_O0 1.2760 .09&7V .00 .('OOC; .O(}OC)
| ic.2200 _ 35.46 3.4290 _.?O.h

030"

?P2 ].{, 1.400 .3072 .0233 V .00 .0000 .0000

.2194 }t 21.95 .5114 .BI_S

040

'_.Z :.',_C:.OC:( E_,6600

.2165

::B l.O 40.000 8,8800 .8667 V .0(! .0090 .OO(:C:

.21L5 _ 29.94 1_.%10 2B._2i6

..... _,(' _.(IO<: .219B _]67 ': "n , {:_,/_ ....

070

)

OBO

)

c4"o

14B ].b 1.000 .2146 .0187V .00 .OOOO .0000

.214& _ 35.79 .5_77 .8123

I_ I.C _{:.ODO "

3_. 1.0 2.00(', .445B .033S V .OC) .O;OO .OOC,O

"I#L._]_,c

•0

•0

4.0

4.0

,0

• C)

•0

22 ORIGINAL PAQE !t-:,

OF POOR QUALIFY
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OP!C_'_JAL I°_*CE IS

OF POOR QUALITY

FRDJECI - [E_IGO14

VDLU_E- 10,000 P/A- 1

PART |- 267&I-6 )ESC- CO]LERHS_

OPER DFERAIID)_--or- -:6.
EZL'I_"

P

FID)_EEF:ER&IIEZ[RIIIB

KAKUFRCIURI_SCOSi ANALYSIS

-T, , s rnc, _[

KIK LAB RAIE

UFB-

BUEDEWEjEZ.EKVAE COSi

DAlE COST KFB COST

_r- • .t"

AI_RUALREQ- I(I,000

MAT CODE - SIISTL ECDI;YF-LOC

CDSI/LB - 3.400 Fl IYFE - _DDE

S_RAP FAC - 1.01 _ARK-UFF_:- O.Ot

ROUBH _l - 30.5000 K_E_I-UP .0000

FIHAL _l 16.1000 OTHER - .000

LAB _IN -

LABO_ ! -

BUROERV-

BURDER_-

SCRAP

_ATERIAL-

I_6.1000

)!.4B2&

.OOOO

63.15_0

1.9834

103.7000

IDOL Sb(,O

IDTAL VAR

TOTAL _FB 200.323B

271



HOR£ERENGINEERING PAGE |

MANUFACTIJRINBCOSTANALYSIS 3.21,27 B7/OB/31
RTB024 PROJECT - 1K

VOLUME_ 10,000

FART #- 2674]-7

P/A- l

I)ESC-TRANSITIONRING

OFER OPERATIONDESCRIPTION

EQUIP M

P

STD LAD COST

MIR LA9 RATE

OCCHE5

OIO

UPS-

A")w_O

_URDEN B_EN VAR COST TOOLING

RATE COST MFS COST

7E3C 1.0 3.600 .8273 .OBO0V .00

.2298 M 51.46

O3O

.0000 .0000 .0
3.0876 3.9[49

040

7E3C hO 5.500 1.2639

.2298

C50

•09!7 V .00 .0000 .0000 .0

M 51.46 4.7189 5.9828

010

763 1.0 .BOO .I740 .0133V .00 .0000

.2175 M 24.19 .32|7

7G2 1.0 ,BOO .1717 .0133V .00 .0000

.2146 K 22.93 .3050

.0000 4.0

.4957

.0000 I.O

.4767

143 1.0 .TOO .0215 ,0C,17V .00 .0000 .0000 .0

.2141 M 35.79 .0!08 .0823

14AI 1.0 3.00_ .1438 .OCOOV .00 .ODO0

.2146 M 20.g7 i.0485

.0000 .0

1.6923

A_NUALP_O-

MAT CODE -

COSTILB -

5CRAFFAC -

ROUGH W_ -

FINAL WT

I0,000

STI5TL

2.720

l.OZ

40.0000

32.6000

ECON YR-LOC

PT TYPE - VENDOR

MARK-UPFAC- O.OZ

F_P_-UP - .0000

OTHER .OOO

LAB MIN -

LABOR $ -

BURGER V-

BURDENM-

SCRAP

M_TERIAL-

13.8000

3.1022

.0000

9.5425

1.21_4

IOn.BOO0

TOOL $000 5.0

TOT_ VAR 122._591

TOTALMFG 122.!591

24

ORIGINAL PAGE IS
OF POOR QUALITY
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..... -.,:. "1:, L_FY

RIB024 P_D3ECT- IK

PIONEERENHINEERINI

MANL_ACTUHNG COST ANALIS]S

VOLUME- 10,G00

PART I- 2674!-B

P/A- I

O£SC- DISPLACERD_ UPG-

£PER CSE_AT]GNDESCHPT]ON

EQUIP K

P

3.21.27

oi'o
8B t,O

S_ LAB COST OCC HRS BURDEN BURDEN VAR COST

_!N LAB ffATE RATE COST MFG COST

020

E_l 1.0

.250 .0589 ._042V .00 .0000 .0000

.23S7 _ 26.71 .H22 .1711

030

.400 ,0943 ,0067V .00 .0000 ,0000

.23_7 _ 61.48 .4119 .5062

.3291 0250V .OD .0000 .0000

.2174 M 29.g3 .7483 1.07"/4

040

7E4B 1.0 1.500

14B 1,0 .000 .OODO 0000 V .00 .0000 ,0000

.2146 X 35.79 .0000 .0000

PAGE I

B7/OBIH

TODLIKS

,0

15.0

1.0

.0

ANNUAL REO-

KAT CODE

COSTILB

SCRAP FAC -

ROUGH WT

FIRAL WT

10,000 IAB MIN - 2.1500

STISTL EC_i YR-LUC IABOR$ - .4823

%500 PT TYPE - VENDOR _URDENV- .0000 TOOL 1000

1.0_ _A_H-UPFkC- 0.0% ;URDEN_ 1,2724

4.6000 _APSL-UP - .OOOO !CRAP .4545 TOTAL V_.R

4.2000 CTF_R - .000 _ATERIAL- 43.7000 TOTAL ff,-'='J

16.0

45.g0_2

45,9072

25
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RT£024 P_DJE_T - IK
PIO_ZER ENBINEERIN6

_ANUFA_TURINBCOST ANALYSIS

VOLUME- 10,00_

PART i- 26741-9

P/A,- 4

9ESC- RADIATIONcuTr,:',

OFEEAT]DNCESZEIPT]ON

E_UIP ST_ LAB C_ST _:C HRS

P MIN LAB RATE

010

3.21.27

O2O

UPG-

¢b"tv,JO

_UR_EN_URDEN VAR COST

RATE COST MF6 COST

8L] .5 .030 .00_5 .00')5V .00

•27.57 M "_ '.,O.IL

BCI .5 .030 .0035 .0005 V .00

.2_57 M 61.4B

14B 1.0 .030 .0064 .0005 V .00

•214b M 35.7_

F'ABE !

.0000 .0000 .0

.0154 .OIB9

.0000 .0000 6.0

.0307 .0342

.0000 .0000 ,0

o0177 .0243

_NKUALREQ-

_gSTIL_

_CRAP FAC -

RGUGH WT

FINAL_T -

40,000 LAB MI_ -

ST/STL E:O_ YR-LDC LASDR $ -

2.500 FT TYPE - VEK_R _URDEN V-

1.0_ _ARK-UP FAC- 0.0_ PURDEN M-

.5_00 MARK-UP .0000 S_RAP -

.4100 OTHER .000 MATERi_L-

.0_00

.0134

.0000

.0640

.0155

1.4750

TOOL _000 6._

TOTAL VAR 1.5_77

TOTAL _F6 , _o

O1' POOR _;'_;_Yi_

26

' 274



ORIG!NA;_ FACE l'J

OF PC'Oii QUALITY

RIB024 PRDJECT - IK

PIONEERENBIfEE£1NG

_ARUFA_TURINSED!I ANALYS!S

VOLUME- 10,000

PART i- 26741-10

P/A- I

DESC- DISPACER 20_E UPS-

CPER CPEffATi2_DESCF:IFTION

EQUIP

P

C_£TD L_B ne

_IN LAB RAT

OCC HRS

3 2t _.... /

010

RAIE COST MFB CDST

02O

£B I., ..j,_ .05_., .00_2V .00 .0000 .Gg_n.

.2S5_ M 2_.71 .1122 .1711

O3O

£CI 1.0 .300 .07_I .0050V .00 .0000 .OOCO

•2_./ N 61.4B .3074 .37B!

O4O

7E._B 1.0 1.500 .32_i .0250V .00 .0000 .0000
,,J,7'I"9 9_.2!c4 M .:..... 74S3 1 r'1,

14B 1.0 .I00 .0215 .0017V .00 .0000 .0000

.21'L .',_5.79 .O_OB .OZ2".'

TODLI_IE

.0

7.0

1.0

•0

ANNUAL REQ-

_AT SODS -

COSTILB -

£CRAFFAC -

ROU_I WT

FIRAL _T

I0,000 LAB MIS -

_iCKZL ECO_ YR-LOC LABOR I -

9.500 PT IYPE - VE}IDOR BURDENV-

1.0_ _ARK-UP FAC- O. _ BURDEHM-

_.2_00 _£!:-CF .000 SCRAP

1.97C0 OTHER .00 MATERIAL-

2.1_00

.4B02

,0000

1.2257

.226t

20.V0_9

TOOL i000

TSTAL "':,n,w

B.O

22.875,"

22.8750

:7

2z5



p ,._,= ' FA'--2

w'_,: .... _""'wN: CCSI AXALYSIS ..... ;' E7/(';t/3!

VOLUME- I0,000 P/A- 1

F'ARI l- _,c,l-ll ._r'::'-..... _]_._rrn._..._ UPG-

OPER DTERAT]ONDES_F.IPTIO_

EQUIP M £T_ LAB COSI OCC HRS BURDENBURDEN VAR COST

P _IN LAB RATE RATE COST HFB COST

TODLINB

010
7E3B 1.0 !.3_0 .3,)38 .0227V .00 .0000 .0000

,2234 H 48.75 1.10&6 1,4104

.0

020
7B6 1.0 1.200 .2542 .0200 V .00

.2!18 M 34,74

5,0

030
,:3_ 1.0 ..430 ,3239 .O:_i V ,00 .OOOO ,0000

,223_ B 4B.75 1,179B 1.5037

.0

040
7SO 2.0 4.100 .87!B .06B3V .00 .O00O ,0000

,2175 H 33.05 2.2573 3,1491

.0

050

7E3B 1,0 :,500 ,335! .0250V .OO .0900 .0000
_ 4_.75..134 _ 1.21BB 1,5539

7.5

0_0

14_ 1.0 _ ,0107 .O00B V .00 ,0000 .0000

.02:6 ,0393

,0

07O
_'_ !,0 :,200 .2_I r;_o0 u ,nO .0000 0000

I._ I._04,2_0( _ 62.62 ......

5.0

OEO
7ESB 1.0 !,300 .2904 .0217 V .00 .0000 .0000

.2,.3", M 45.75 1.0579 1.34.3

.0

090
14DI 1.0 l,OOO .2200 .0167V ,00 .OOO0 .0000

.2200 _ IS,12 .3026 _

.0

!00
!A 1.0 1,500 .31B6 .0250 V .00 .O00O ,0000

.2124 ff!6.71 .417B .7364

4.0

II0

7S9 1.0 ].OOO .6525 .050_ V .00 ,OOO0 .0000

.2!75 H 33.05 1.6525 2.3050

7..5

120
14B 1.0 .0SO .0107 .O00BV .00

.2146 _ _..79

.OiOO .0000

.02B& ,0393

.0

130

14F 1.0 .500 .lOb2 .OOB3V .00 .0000 ,0000

.2!24 _ 25.55 .2121 .31B3

_8

.0

276



RTG024 PRCJE_I- IK

PIONZERE_EI_EEcIR6

MANUFACTUKIN_COST _ALYSIS

VOLUME- IO,O00

PART I- 27641-11

P/A- I

_ESC- DISPLACER

OPER OFERATIONBE_RIPTIOR

E_U]P STD LAB_OBl

P KIN LAB RATE

OCC HRS

3.21.27

UPG-

i2_DE_BURDEN VAR COOT

_ATE COST _FB COST

TODLINS

ANNUALREQ-

M_TCODE

CDST/LB

SCRAP FAC -

_OUGH WT -

FINAL WT

I0,000 LAB MIE -

CST STL ECO?;YE-LOC LABOR S -

.900 PT TYFS - VENDOR BURDENV-

1.0% _ARK-UPFAC- 0.0% BUR_E_ _-

!4._GO0 MARK-UP - .0000 SCRAP

12.0000 OTHER - B.450 XATERIAL-

18.2100

4.0059

.6000

11.4098

.3647

21.0500

TOOL $000

TOTAL VAR

TOTAL MFG

29.0

_6,_304

36.B304

29

_77



RTS_q F_D_E_T- IK

PIONEERENBINEERING

_A_UFA_TURINB_OSTANALYSIS 3.2_.27

VOLU_E- I0,000

PAF.TI- 2_741-12

P/A- I

DT5r-._ FISTDN UPO-

OFEE _FERATIO_&ZSCRIFTIOR

EQUIP 5TD LABCOST DCCHRS

P MIN LAB RATE

I__URDEN.U,._'_NVAN_DST

RATE COST MFG COST

7E2 I.0 1.700 .3740 .02_3V .00 ,0000 .0000

.2200 M 35.4_ 1.0035 1,3775

C2:._

7E2 1.0 1.800 .3%0 .0300V .00 .0000 ,0000

.2200 M _5.4b 1.0638 1.4598

14AI 1.0 3.000 .6438 .0500V .00 .0000 .0000

,214_ M 20,97 1.0485 1,_923

O-_C

75S 1.0 4,000 ,8700 ,(1667V .00 .0000 ..00

_5_

14_ I.O .50_ ,1073 .008_V .00 ,0000 ,:'_',.>0.

.2146 _ 35.79 .2971 .4044

C_5TIL_ - ._20 PT TYPE - VE_DO_ _URDENV- .0000

S_AP FAC - , 1.0% MARK-UPFA_- 0.0_ _URDEN_- 5.6173

., _.2000 MARK-UP .0000 5CR_P

"_'_" - 7,B00 MATE_IAL-r._ _T q.10OO OTHER l_,_4U__" "

TOOL$oo0

TOTALVAR

TOTAL_FG

_710813!

.0

.0

_.0

47.0

.0

20.7_83

20,7983

ORIGINAL P_':,'_., "

OF POOR QUALITY

3O
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ORIGINAL Pr_.GE IS

OF POOR QUALITY

RIG024 PROJECT- IK

PIOREERENGIREER:NG

_A_UFACTURIN)COST A)_ALYSIS

VOLUKE- I¢,;00

PART!- 2767A1-13

P/A- I

DESC- POST t FLAngE -U)G-

3.21.27

PAGE I

B71OB/31

OFE_ CFERATIOKDESCRZFTiDN

EGUIP _ GTD L_9 COST C;C HRS 9UROEN _URDEN VAR COST

P MIN LAB RATE RATE COST MFG COST

TOOLING

010

7B!) 1.0 12.B90 2.B745 .214BV ,00 ,0000 ,0000

,2230 _ 47.25 10.1497 13.0239

4.0

O2O

0_0

771B I.O 6.670 1,4874 .1112V .00 .0000 .0000

.2230 _ 47.25 5.25(2 &.741&

20A3 1.0 9.300 ._5 .03B3V .00 .0000 .0000

.2!98 M 75.00 2.8725 3.T/BO

3,0

3,0

04G

050

7ZZB 1.0 _.000 .6702 .0500V .00 .0000 ,0000

,_=.,C _ _.7_ 2.(375 _._077

1.0 (.000 .B4% .0667V .OO .0000 .0000

,217A _ 16.71 k.tl16 I.%A2

5,5

1.0

OLO

7_: 1.0 l,lOO .2192 .OIB}V .00 6,0

070

7_ t.O 1.200 .759B .0200 V .00

.2165 _ 32.75

.0000 .0000

.6550 ._I_9

3.6

I_0

Ii0

120

7_ 1.0 .ZOO .17_2 .0133V .00 .0000 .0000

.2165 _ Z2.75 .A356 ,60BB

7ST 1.0 .BOO .17_2 .01_3V .00 .0000 .0000

._165 E _2.75 ._356 .608B

75_ 1.0 3.000 ,$_25 .0500V .00 .OCO0 .0000

,217_ _ 33.05 i._525 2.3050

!_.. 1,0 ).000 .6(lE ._500V .OO .0000 .0000

,214_ _ 25.3B I.(190 2.0&2B

149 1.0 .500 .I0_ .0093V .00 .0000 .0000

.214 _ _.79 .2971 .4044

3

6,0

3.6

_.0

.0

.0

2;9



RTE_24 PROJECT - IK

Tn cP,.N,ER E_EINEERIR5

MANUF&CTURINGC_STAKAL_S

VOLU_E- 10,000

PART l- 276741-13

P/A- 1

_C- POST _ FLANGE

OPZR OPER_T!ORn_P 'oT'n_

EQUIP M 5TD

P MIR

LAD CC_T O_C k_S

LAD RATE

3,21,27

UP:_-

_::':_ VAR CCST....... .t":'r,: N.....

R_TE COST MFB COST

PAGE 2

87/0S/31

TOOLING

ANNUALREO-

MAT COOE

COST/LB -

SCRAPFAC -

ROUGH WT -

FINAL WT -

CST IRON ECON YR-LOC LA_CR$ -

._,0 PT TYPE -VENDOR _UR_N V-

1.0% MARK-UP FAC- 0.0% _U_N M-

64.0000 MARKmUp .0000 5CROP

40.5000 OTHER &.120 MATERIAL-

_.6S_2

.0000

27.32",,..2

.7472

3_.7600

TOOL $000 92.7

TOTAL VAR 75.4646

TOTALMFS 75.4646

DE POOR C_L. ' ....

32

280



OF POOR QUALITi'Y

ETa024 F'ROJZCT- IK

PIOEER ENGINEERING

MARUFACTURINSCOST _RAL SIS 3.21.27

V_LU_E- 10,000 P/A- !

DZSC- SHELL HSG UF'B-

CFE_ OPERATIONESCRIPTIOK

EQUIP

P

STD LAB COST _CC _RS

NN LAB kATE

_URDE_EURDEN VAR COST

RATE COST BFG COST

CiO

7E4C 1.0 4.250 .93_5 .,708 V .00 .0000 .0000

2.7S34 _.6_S9

GD

14D2 1.0 l.OOO .2200 .q67 V .00 .0000 .0000

.2200 _ 2_.80 .4:09 .6509

0_0

14_3 1.0 .I00 .0215 .)017V .00 .OOOO .gOOD

.2146 _ 2S.38 .0482 .0677

TDDLINS

.0

.0

.0

_kT C_DE

CgZTiLG

EZ_D_ FAC -

F;CU_K_T

FIHkL XT

I0,000 L,B MIN - 5.3500

STiSTL ECO_ YR-LDC L,_O_$ - 1.1740

C.SOO PT TYPE - VEHDOR SRDEN V- .0000

1.0_ RASH-UP FAC- D.DZ B :RDDi_- 3,2325

_6.0000 _ARiC-UP .0000 SI_P - 2.Z221

_3. 0000 OTHE_ .OOO _ _TE_]AL- 217.1000

TOOL $000

TOTAL VAR

TOTAL_FG

.0

224,4296

22_.42B_

33

281



PiO_EE_E_SINEER]NB

RTB024 FRO3ECI- IK MANUFACTUE!_SCOST _NALYSIS
$

V_LUHE- IO,CO0 P/A- i

P_ET I- ev_ 7.:.-_ DESC- HEAD.... _" '_ SHELL

ZF_R ' _E_AT]2; ESCR!FTIO_

010

020

03O

,:40

¢'0

PAGE I

3.21.27 B7/03131

UPS-

EQUIP M STD LA_ COST DCC HRS _URDEN_URDEN V_R COST

P MI_ LAD RATE RATE COST MFB COST

I IITD_LI,,B

7E4C 1.0 3,600 ,789e .0600V .tO .0000 .O000 .0

,.o.,_, 3.1232

7G6 1.0 1,400 .2965 .0233V .00 .0000 ,0000 9.0

.211B M 34.74 .8094 1.1059

762 1.0 2.000 .4292 .0333V .00 .0000 .0000 .0

,214& M 22.93 .7636 ].1928

!A 1.0 2.000 .42_B .0333V .00 .0000 .0000 .0

.2124 ,_15.71 .5_4 .9_12

14D2 l.n !.000 _" v ..... vu .0157 .00 0000 .0000

.2200 M 25.B0 ._309 ._509

14_3 !.(I .]00 ,02!5 .0017V .00 .OOO0 .0000

,2146 M 28.3_ 0_$2 ,0_97

• (i

,_NuA__E_- 10,000

_AT C_Z_E- ST/STL

COST/LB - 3.300

_._:_R_.FAC - 1.0%

=_"" _T - !21.0000

LAB MI_ - !0,I000

ECON YR-LOC LAD_R $ -" 2._B!B

PT TYPE - VE_DOR _URDEN V- .0000 TOOL _000 _.0

MARK-UPFAC- 0.0% _URDE_ _- 4.9_!9

MARK-UP - .0000 _CR_P 4.1302 TOTALV_R 417.1_39

DT_ER - .000 3_TER!_L- KC._O00 TOT_L MF_ _17.I_?

34
OF FOOR QUALITY

282



_T_024 PROJZ_T- IK

PI_REERENBI_;EER!RG

_ANUF&:TURIR_CO_TARALY_[S 3.21.27

VOLUME- IO,OGO P/A- I

DESC-PDRERFISTDH UO£-

CPER OFERATIO_DESCRIPTION

EQUIP M STD L_BCOST OCCH_ BJ_D£_Bu_&E_ VARCOST

P _IN LABRATE RATE CO_T MFGCDST

010

7E3B 1.0 2.700 .6032 .OZSOV .O0 .0000 .0000

.2234 M 48.75 2.19_B 2.7970

O20

766 1.0 I.%00 .2330 .0B3V .00 .0000 .0000

.21!e M Z4.74 .6357 .e6B7

6'30
7B2 1.0 1.200 .2575 .C200V .00 ,0000 .0000

.2146 M 22.93 .4586 .71&I

•C4':_

14_ I.O .0_0 .O]D7 , OOBV .OO .0000 .0000

C,SO
}_D2 1.0 .._O::.]IO0 .>083V .00 .OOOO .OOOO

.._200 w 25.B0 .21_I ..,:t":'._

IA t.O _.003 ._372 0500g .00 .0000 .{_000

.2124 _ 16.71 .8355 I._727

(;70
7_8 1.0 2.400 .5220 0400 V .00 .0000 .0000

_.0_ 1.3220 1.8440

14B t.O .053 .0_07 .0009V .00 .0000 .0000

.2145 _ :5.7? .02_ .0:73

PA£E ]
B710B/31

TOOLI_

,0

7.0

,0

.0

iO

S.O

25.0

.0

35
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RTGO_ P_ECT - IK
PIONEER ENGINEERING

MANUFACTUR!_SCOST A_LYSIS

VOLU_E- I0,000

PART l- 2A7_1-16

P/A- I

_EGC- PD_ER PISTCN

OPER

I

CPERATI_ DESCRIPTION

EQUIP M

P
STD LR? COST DCC HRS

_IN LA) RATE

3o2!.27

UF'B-

_UROER_UffDE_ VAR COST

R_TE COST _F6 COST

PAGE 2

87/08/31

TOOLING

A_NUAL REQ-

MAT CODE

CDST/L_ -

SCRAP FAC -

ROUGH WT

FIRAL WT

lO,OOO
ST/STL

4.000

I.OZ

3%6000

30.3000

LAB _IR -

ECCN YR-L_ L_BOR ! -

PT TYPE - VEND_R 3URDZRV-

HARK-UP - .0000 _CR_P

OTHER - 33.B00 _ATE_I_L-

II.0000

2.3_43

.0000 TOOL TO00

5.7169

2.97?0 TOTAL VAR

IGg,BO00 TOTAL MF8

37.0

199.8202

199.8802

36
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ORIGinAL FAGE IS

OF POOR QUALITY

RTB024 F'ROJECT- JK
PID_EE£ENS!NEERI_

N_UFACTU_I_ COST_i_LYS_£

PA@E !

_.21.27 87/0B/31

VOLU_E- IO,O00

PAF:Tf" 2_74}-17

P/A- 1

_ESC- CYLINDERF_R FISTO_ _,_-

GPEF 5_eP" fnuO_E_AT:O_u..._IPT....

._,= C_ST HR£ ?UR_ENEUROEN VAR COST

P _IN LA_ _ATE RATE COST NFG COST

0i0

7E:B 1.0 _ £ciO _o_..... _,,@ .0433V .00 .0000 .OOOO

._2._ w 4B.75 2.1109 2.6917

020

7E3B 1.0 5.000 1.1170 .0833V .(I0 .0000 .OOOO

.2234 _ 4_.75 4.0&Og 5.I77_

030

T£D..No

040

.0

OSO

• 0

7Gb 1.0 1.100 .2330 .01BEV .00 ,0000 .0000 7.0

.21!8 _ _4.74 ,6_57 .B687

07Q

75£ t.O 10._00 2.2403 .1717 V .OO .0000 .0000

.217_ _ _3.05 5.6747 7._tSO

7V2 1.0 2.000 .43_ .0333 ;: .OO .0000 .0000

.219_ H 23._5 .7975 1.2363

10. 0

•,0

,") 4 :14_ 1.0 .lOC,' .{,,,_ ....,rl.;V .C;O ".OOO0 .OOC!') ,t_

.2i;_ ._S5.39 .O_.OB .0823

14F 1.0 .50O .10S2 .OOB_V .00 .0000 '.OOOD .0

A_IRUALEEO- 10,0_0

_T C_:E - ST/_TL

CDSTILD 4.000

SCRAP FAC - [,OZ

FINAL _T - 30.30D0

L_B _IH - 21._000

ECOR YR-L_C LK_ORI - 4,7376

PT IYPE - VENDOR _URDER V- .0000 TOOL $000 }7.0

RARK-UPFAt- O.H _UROER_- !3.C_26

_ARK-UP .gO00 _CRAP - 1.7749 TOTAL VAR 179.2_$1

OTHER .OOD _TER]kL- !_.2000 TOTAL _FS 179.26_1

3;

2_5



PIEHEEREN@I_EERIt,'G PAGE I

IIA_IUF(-'CTUNNGCOST A,_ALYSIS Z..21.27 8710_/31H_:24 P_OJECT- ]K

VOLU_E- I0,000

F'_RTI- 2_741-23

P/A- 96

CZSC-HEATER TUEE UP@-

OFZF, .........D=_rR_pTION

EQUIP STD Lk_ COST OCC nF._

P _IR LA_ _ATE

6

LukDE_ BURDEN

RATE COST

0'.0

7A! 1.0 .._uw'_.0437 .0033V .O0 .bOO0. .0000

.21E5 _ 23.42 .0773 .1210

02Z_

BB LO .200 .047! .0033V .00 .0000 ,0000

.2_J? " 26.71 OBB! .]352

C,.',O

14B 1.0 .050 .0107 .O00SV .00 .O00O .0000

.214& M 35.79 .028& .0393

13

c"j.,h

.0

ANkU_LRE_-

_T rnc_ _

CCET/L_ -

ECFLk_F_C -

F,CU_:_:KT -

%0,000

L_30

1.0R

.0300

.OZgO

LA_ ,'ii_i-

ECO_;Yk-LoC L_3O,qI -

F'TTYPE _ ,_-_r,_=,,.,,.o,,BURDEN V-

.,,_R,,-,,_"FA_- O.OR _,-

_R_i:-UP .0000 SCRRP -

OTHER .000 MATE_I_L-

.4500

.!015

,0000 TOOL _000

.1940

.U._ TOTAL VA_

.2_9 TOTAL MFB

OE POOR QUALFI'Y

38
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ORIGIN_.L FAGE i3

Of POOR QUALITY

ETG_I4 PkOJECT - !1:

VOLU_E- IC_,O00

PG_T i- 26741-29

F_D,ZEF:crr-:_:=F+" ;.3

Y'qNU_'_I_'I._ _"COSTA.... _.'I_

,_eP_-+.-COCL]_ TJE

OFEkkTIOK":_ _ rr':+.C....T..S

EG_XF

0!0

UPE-

F' _]F LA_ RATE kATE COST _FG COST

7_Ik 1.0 .0_3 .OILS .O01KV ._[I .OODO X":O

•2230 _ _4,18 .OMg .0_04

k_NU_L REQ-

COST/L_

SCRA? FAC -

R_U_HKT

FInaL _T -

3,600,000

5T/STL

.0070

.0060

ECO_ Y_-LOC .A_ORi - .0]85

PT TYPE - VEK_OR _U_DENV- .0000 T_L _000
_GRE-UP FkC- O.OX _U_EN _- .051_

_ARI{-UP - .(,DO0 _CRAP .0014 TOTAL VAR

DIHER - .000 _ATERIAL- .05_3 TOTAL _FG

..... +..

•0

.140!

.14Ol

38A
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ATE024

A,,_, AETU.,],S COSTA_ALYS1S

VOLb'KE- lO,O00 P/A- 1
P;S'$ I- ,_ _" ",_

_,F:F, :.::_A? ::,:_ EEE:F'F'::.

OJO

8C!

O2O

8R

O3O

7E_;

O4O

('SO

L'.'=S-

F'AAE I
3.21,27 87/0_/3]

STD tAB EOST E_C _ES EDfiO_iBUR£'ENVAR COSI TDOLI_S
_IN LkB RATE EATE COST _FS COST

.... " ,0283 .0020 U .00

•2357 _ 6!.48
.0000 .OOCO !0,0
.I230 .I:13

1.0 .500 .]179 .OOB3V .00 .O00O ,0000 30.0
•2357 _ :9.76 ,3300 .q79

_F CODE

COSTILB

SCRAPFAC -

FINAL_T

1.0 i.O00 ,B776 .06_7V .00

v_,

l.O !.700 .37_0 .02::V .00

!.(i .!00 .021: .COl7V .0_

,2146 _ _ 79

:J_O00

%:00 PT TYPE - VE_D_R _U_DENU" ,0000

l.O_ _AR_C-UpF._C- O.OI 9URDEff_- 4.208_

I, 9.,o _A_K-UF ,OOO0 SCRAP 1.3768

IO._O00 OTHSR - .000 _TERIAL- 132,0500

.0000 .0000 5.0
2.59¢0 3.4716

•OC,OO .000':, : ,_

,0000 .000,> (
.060B .0823

TOOL_000 _0,0

TOTALVA_ 139.0535

TOTALRFB 139,0535

oF POOR QUALITY

39
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F&GCq4 FF:32ECl- IK

P]DtCEEF,E_C,IIiEEFih5
k T , -,'_

V_LU_E" i(9000

F'A_T|" 26741-2;

F/A- Y,['

DESC-COOLIESIU[E

CFE_

P

SID LA}."_'
, prKI,, LR5 RATE
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F;._E 1

i.3E.I_ E_/IO/I_

LIFE-

,,,r.....UkF:[_:l

R_TE CDST KFB COST

I[:[;LIhL

fw_,V .O0 .....DO .OC_(_(>

)i4A.19 ,OS,I_ .O_(l&

AggUAL _-

_AI CODE

COST/LB

S_RAP FAZ -

RDUBH _l

FINAL _l -

STISIL "_'

6.330 FT IYF'E - VE._D_F_ _.UF:DI;; V- ."_,.,..,.,..... TO_L _000

1.0_ _A_,L-UPF;_- u.Ot _.2F:DIt,_:- ,0619
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RT_021 FRGJECT - IK

VOLUME- I0,000 PA_T - I030

COMF_NE_T DESC - T_U_CA_ED

TDOLIN6

}031 A_5ORBER I 37.50

VENDOR .0 75.0000

]032 POST 2B 22.12

VENDOR 4.0 26.6840

1033 CAP 2B 7.84

VENDOR .0 7.9240

]034 SPRING 56 145.60

PURCHASEO .0 71.6800

F;C_EERER_!_ZERIRS

BILLOF _ATERIALWITH Cc]ST

ZESC - ADSOR_ERAS;Y

@TY _TERIAL LA_ MIN LA90£ $

WZIGHT

_.00 1.7]V

M

33.BB 7.5_V

M

_I.OE 7.00V

M

ORlG!,",ii:J _:_GE iS

OF POOR QUALITY

P_SE I

S.10.49 B7108/31

VEKDQP

.00 .O0

3.82 .4_ .O0 43.46

.00 .0¢

26.60 .56 .00 5A.B4

.OO .00

24.36 .2B .00 39.4B

.0( .OOV .00 .00

fl .00 .00 .00 145.60*

COMPONENTTOTAL CGST 18t.28_0 2i3,0_ 72._ I_.27V

4.0 M

ASSE_._LYC051 .O0 .0, .O0 V

.0 _.

TOTAL COST 18!.2,0_.0 2!S.0_,

TOOLING ;.¢

.00 .O0 213.0S

54.78 1.27 .00 2_5.38

.00 .00 .00

,DO .00 .00 .00

72._ !6,27V .00 .00 21_.0_

54.78 1.27 .00 285.38
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VOLU_E"

f_2_J

_JI_UAL_EQ-

halCODE "

C_SIILB

EDU@HWI

•n+'P IKpR:_:.T"

piOnEEREWBIN_ERINB

_ANUFACIURINGCOSTA_ALYSI5
3.21.27

lO,EOO P/A- l
DESC"A_SGR_ER

UPG"

.... ,_ESC_IPTIONOP:a"1OR

p _IN LABRAIE RATE CGS1 _FGCOSI

t.O S.OO0 1,0620 ,0B33v .00 .OOOD .oOGO
.212& B 16.71 I.$919 2.45_9

16D_ _.0 3.000 .643B ,0_00V ,00 ,0000 ,0000
.2146 _ 4B.60 2,4300 S.O?3B

i0,000

CSTIRON

.500

°.Oi,

7_..C000

7S. '_C"L'O

LAB _IN- B.O000

LABORI - 1.705B

_E_t-UF'TA_- 0.0% BUDDER_" 3.B_19

_A_K-UP - .0000 SCRAP .&30_

OX_ - .000 _ATERIAL- 37._000

Z;_LIRG

.0

,0

tOOL$0_ '_

_OTAL_F_ 43._5%0
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RT6_24 PROJECT- IK

VOLU_E- }0,000 PlY- 2B
PARTI- 1032 DESC- POST

E;_] c

010

7BIB

020

791B

O_

PIONEERENSINEERI_(B

;_NUFACTURIk'SCOST AN:kLYSIS

ORIO.,!A,. PAGE IS

OF POOR QUALITY

PAtE 1

3.21.27 87108/31

UPB-

r ST_ L:) C_ST G:_ H_,S SJE_Eh Bb_._ VAN COST

P SIN LAB RATE RATE COST _FG COST

IDDLIN_

1.0 .600 .133B .0100V .00 .0000 .0000

.2230 H 47.25 .4725 .6063

2.0

1,0 .600 ,133B .0100V .00 .0000 .0000

.2230 _ 47.25 .4725 .60&3

2.0

1.0 .010 .0021 .0002V .00 .0000 .0000

.2146 _ 35.79 .0072 .0093

,0

A_UAL RED- 2_0,000

KAT CODE ETISTL

CDSTIL) .700

SCRAPFAC - l.OZ

ROUGHki 1.!250

FINALWT - .?_30

A) _IN - 1.2100

ECOK Y_-LCC lABOR$ - .26_7

FT TYFE - VE)IDOR !_URDENV- .0000

MARK-U? FAC- 0.0% _URDEN_- .9522

_ARK-UP .0000 ;CRAP - .0201

OTHER - .000 HATERIAL- .7975

TOOL $000

TOTALVAR

TOTAL MFB

A.O

2.02_,5

2.02_5
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RT6024 F_OJE_T - 1K

VOLUME- I01_00 P/_- 28

PART |" 10_3 _ESC-C_P

OPER _E_TI_ [ESCRIFTION

EgU!P M

P

010

PIONEERENSI_EE_INS

MAnUFaCTURINGCOST A_LYS!S

O2O

3.2].27

UPG-

STD LAB COST D_Z HRS _EDEN B_RDEN VAR COST

MIN LAB RATE F_TE COST MFG CGST

7BIB 1.0 1.]00 .2453 .OIB3V .00 .0000 .0000

,2230 _ 47,25 .8647 1.1_00

14_ l.O .OtO .0021 .0002V .00 .0000 .0000

.2116 M _.79 .0072 .0093

TOOLING

°0

.0

ANRUAL REQ- 2_0,000

MAT CODE 5T!_TL

COSTILB ._00

SCRAP FAC - I.{:X

ROUGH WT .S&OO

F!IIA_WT .2_30

LAB MIN - I.II00

ECC_ YB-LDC L_DR I - .2474

PT TYPE - VE);_OR _U_DENV- .0000

_RK-_F FA_- 0,0_ EJ_DENK- ,BTt9

_ARK-UP .0000 SETUP .Or40

OTEER .000 _TERiRL- .2eO0

TO_L $000 .0

TOTAL VAR 1.4133

TOTAL_FB _.4t_3

ORIGINAL PAGE IS
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RTG024 P_OJE£T- !K

VOLU_- !0,000 P/A- _6

FART I- tO_q 0£5C- SPRINS

....... nccr_IT CNO_ER n_r_tln_ ..... I

F

_UFACT_RI3+ COST A_ALY1S

o._ • ,

KiN L_ _TE

ORIGINAL PAGE IS

OF POOR QUALITY

PABE t

3.2}.27 B710_131

UPS-

_ATE COST MF@ COST

AH_UAL_E+- 5_0,000

_A+ CODE STI_TL

COSTILD - .000

SCRAPFAC - .O_

ROUBHWT .0090

FINAL WT _.2aO0

LA_ MIX -

ECO_ Y_-LO_ L_]R I -

P3 TYP_ - PUrCHaSED )U_)EHV-

_ARK-_PFAC- 0.0_ _FDEN _-

BTHER 2._00 _AIERIAL-

.OOOO

.OOO0

.OOO0

.OOOO

.OOO0

2._000

TOOL !O00

TOTAL VAR

TOTAL MFG

.9

2._000

2._000
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PIONEERENOINEERINO

RTGOZ4 FR_JECT- ]K MANUFACTURINGCOSTANALYSIS

VOLU_E- I¢lv,,, P/A- 2B

PART i- 1035 _ESC-KUT 112-20HEVEY DUTY NYLOCK

O_Z_ _PE_AT!E__ESCRIPTION

EQUIP _ STD LA_ COST DEC fi_S

P MIN LAB RATE

UFGo

PAEE l

_.21._7 87/08/31

_UR_EXGUR_EN VAN C£5T T:Z.:N_

RATE COST HFO C_ST

ANNUAL REQ- 2GO,CO0 LAB MIN -

%AT CODE STIBTL ECON YR-LDC LABOR $ -

COST/LB .000 F'TTYPE - PURCHASED BURDENV-

SCRAFFAC - .(IX KRRK-UP FAC- 0.0% BURDENM-

ROUGH WT - .0_0_ MARK-UP - .0000 SCRAP -

FINAL WT .1000 OTHER - .IBO MATERIAL-

.0000

.0000

.0000

.0000

.0000

.IBO0

TOOL $000 .0

TOTAL VAR .I@O0

TOTALMF6 .IBO0
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r .......- IK

2&741-1S E3T_RLAMINATION 2870

2&74i-19 :""*.._,:_LAMIRATION 1970

_END_R _0.0 29.5500

2674!-20 A_''TI"

VE_IDOF: _,0 _,3000

26741-21 EZ_LRIMS I

VERDOR 17.5 2.7000

2_741-22 £_Pg_RTLO_ER !

VE_OR 3T.O %0000

VE_C_E 2E,O 2.5000

26741-24 _F=_RT UFFER I

VERD_ 3_.0 _.7000

_._ _=_rt 270

PURCHASED .0 5400.0000

2_74_-;_ "-'_•., _::.WIRE _W_-4 1

PURCHASED .0 60,0000

PIONEERENGINEERIRB PABE 1

BiLLOF HATERIAL WITH COST 3.10.49 87108131

PESC - _SEY ALTERKATDR VEH_OR

_£TEEI_L LAB XlK LABOk$ )URDEN SCRAP _AEK-UPTOT CDST

80.10 BO.IO 2_.70V .00 ,00

I06.B0 ,00 .00 213.60 *

19.70 Z9.40 .OOV .00 ,00

M 39.40 .00 .00 5_.I0 *

IO.OB 5.20 I.IAV .00 .00

3.75 ,15 .00 15. t2 *

1.17 9.I5 2.01V .00 .00

M 5.52 ,09 .00 8.79 *

3.67 2.70 .61V .00 ,00

M 2.01 .O& .00 6._= *

.9_ 2.50 ,5_V ,00 .00

1.74 ,03 ,00 3.26 *

._V .00_._ 2.50 .OO

1,82 .0_ .00 6,06 *

702.00 .00 .OOV .00 .00

.00 ,00 .00 702,00

42.00 .00 ,OOV .00 ,00

M .00 .00 .00 42.00 *

CO_FOMEk_7CT_LC_ST _S04.1900

TCTALC_ST 5&04.1_00

_63.27 141.55 31.58V .00 .00 863.27

161.04 .39 .00 1056.28

.00 .00 .00 V .00 .00 .00

.00 .00 .00 .00

8_.27 141.55 < _o3,._ V .00 ,00 _3.27

M i_l._ .39 .00 1056.28

TOOLINS 238.5

68
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RTBO24 PROJECT- IK

PIDEER ER6I_EERRB

MANUFACTURINGCOST A:ALYS!S

V£LUME- 10,000

PART t- ,_741%_

P/A- t

DES£- SUPPORTLOWER

OFER OPEE_TIU__ESCR!PTION

EQUIP M

P

£:£ HRS

S.21.27

010

_URSE_5_RDE_ V_R CESi

RATE COST _F6 COST

8# 1.0 .400 .0943 .00_7V .00 .OOO0 .0_30

.2357 M 25.28 .1694 .2637

O30

8C2 %.0 ,200 .0471 .0033 V ,OD .0000 .O00O

.2357 H 82.17 .2712 .3163

0_0

BC2 1.0 .200 .047! .0033 V .00 .0000 .0000
.,3J7 _ n2.17 .2712 ..,IBJ

7Ea_ 1.0 1.600 .3UIO .02_7V .00

0-'0

.OOOO .0000

I.¢3B4 I._4

8_I I.O .200 ,0471 .OOS; V .00 .O000 .0000
.... _5U,.LJ7"_ M 6t.4B .20oe "

14_ l.O .I00 .02!5 .OOt7V .GO .O00O .O000

.2146 _ 3LTg ,O60B .0823

.0

15.0

1_.0

_.0

A.O

.0

ARRUAL EEO-

_T CODE

C_STILB -

SCRAP FA; -

ROUGH_T -

F!RAL WT -

10,000

STEEL

,270

1.01

13.6000

).0000

ECOR YR-LDC

PT TYPE - VENDOR

MARK-UPFA;- 0,0_

MARK-UP - .0000

OTHER .000

LA) MI_ -

LABORI -

BURDENV-

BUEDERM-

SCRAP

2.7000

,60Bl

.0000

2.013g

.0_29

_._720

TOOL ¢000

TOTAL VA_

IDTAL _FB

S?.O

6._69

6£

319



RT_02_ PROJECT- IK
PIeNEER ENBI_EERIN_

MANUFACTURINSCOSTANALYSIS

VOLU_E- IO,OO0
PARTt- 26741-23

P/A- I

DESC- SUPPORT IN_ER

ORER _FERATIDK_ESCEIFTIOR

E_UIF ETD LA_ C_ST CCZ HRS

P RIN L_B RATE

010

3.2],27

O2O

030

8A t,O .400 .0943 .0067 V .00 .0000 .0000

.2357 _ 2E.2B .!694 ,2&37

BC2 1.0 .200 .0471 .0033 V .00 .0000 ,0000

.2357 M _2. I7 .2712 .3183

7E4C 1.0 1.600 .3510 .0267V .00 .0000 .0000

.2!94 M _E.89 1.0384 1.3894

851 1.0 .200 .0471 .0933V .00 .0000 .0000

.2357 _ 61.4B .2029 .2500

_4£ 1.0 .I00 ,02!5 .0017V .00 ,OOO0 .OOOO

.2146 M 3_.79 .0608 ,0823

PABE I

B7/08/31

ID_LI_S

.0

IS.O

5.0

B.O

.0

_AT C_;E - STEEL ESOR YR-LOC LA_OR $ - ._I0

[OST/L_ - .270 F_ TYPE - VE_OR _RDE_ V- .0000

SCRAP FAC - t.OZ MARK-UPFAC- O.OZ BURDEN_ 1.7427

ROU£H #T - 2.4_00 _ARZ-UP .0000 SC_ - ,0323

FIRAL W_ - 2._000 OTHER - .000 M#TERiAL- .£2£B

TOOL$000

TOT_ VAR

TOTALMFB

2_.0

3.2_8

_.25_B

7O
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.OF POOR QUALITY

RT6024

PIOEER ENG]NEERIt_G

_ARUFACTURINBCOST A_¢_YS]_

VOLUME- 10,030
,:,-/ ,)PART |- ._.41-_4

P/A- !

_C- SUPPORTUPPER UPS-

O?ER GFEFATIOhOESC_IFTIGN

E_oIP

P

ST_ LAB C_3i bC nkS

MIN LAB RATE _ATE COST

0!0

93._1..7

020

O3O

BA _.0 .40D .0943 00_7 V .00 .O00O .OOO0

_u.... 1694 ,2637

040

BC2 1.0 .200 ,0471 .0033V .00 ,0000 .0000
5_•=_57 M B2,17 ,2712 ,3|B3

050

7E4C t,O 1.500 ,3291 ,0250V .00

,2174 _ 3B.87

,0000 ,0000

.972_ i._014

ECI 1.0 .200 .0471 .0033V .00 .0000 .0000

,_7 _ 61.4_ ,2029 .2_00

EC! 1.0 .200 .0471 .0033V .00 .0000 .0000
m ¢._3_7 I_61.4B .2029 .2500

.0

15.0

5.0

12.0

4.0

ANNUAL RZ_-

_AT CODE

COSTILB

SCffAPFAC -

ROUGHWT

FIRAL WT

:::_ ECON YR-LOC _A_DR$ -

.270 PT TYPE - VENDOR BURDENV-

1.0Z _A_K-UPFAC- O.OX _UR_EN_-

!_.4000 MARK-UP .0000 SCRAP

8.7000 OTHER .000 _ATERIAL-

2.5000

.5647

.0000

1.81B7

.0600

3.61B0

TOOL $000

TDT_L VAR

TOTCL_FB

36.0

&.O_!_

6.0_14

71
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RT6024 F;O_ECT- IK

; ,wc_VO_U,._ 10,0_0 PIA- 270
PART|- 2674]-25 DESC-MASET

DPER E?EE_TI_N_ESC_IFTION
EgUIP

PIONEERENGINEERING
MANUFACTURINGCOSIA_LYSI5

M 5I@ LAD COST DCCHRS

P MIN LAYRATE

3.21.27

UPS-

_URDENBURDEN VANCOST
RATE COST MFSCOST

PABE 1
B7/OB/3I

TOOLINB

ANNUALREQ- 217C01000
MATCODE STEEL

COST/LB - .000

SCRAPFAC- .GZ

ROUSH_T - .0000

FINALWT 20.0000

LABM]N-

ECO_YR-LOC LABOR$ -

PTTYPE - PURCHASED BURDENV-

MARE-UPFA_- 0.0% BURDENM-

MARK-UP - .0000 SCRAP

OTHER - 2,600 MATERIAL-

.0000

.0000

,O00O

.0000

.0000

2.6000

TOOL$OO0

TOTALVAR

TOTALMFO

.0

2,6000
2.6000

OF ,_OOR Q_ALITV

?2
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OF PO'JR QUALITY

RtB@=_ FR_EC1 - IK

PIOREERERBINEERIWB

MAHUFACIURINBCOST A_AL'EIS
3.21.27

'n,,u=_ tO,OO0

P;_ I- 2_741-27

P/A- I

DESC- COIL WIRE AWB-(_
UPE--

O_ERAT!DN_Ee-.I:RI=_10_

E_UIP
=_:,_.NB_RDEH VAR COSiSTD LAB COST _CC _S ":'_c'

P MIH LAB RATE R_TE COST MFG C_I

PAGE 1
8710S/31

TOOLI_

AR_UALREO-

MAT CODE -

COST!LB -

SCRAPFAC -

ROUSHWT

FIRALWT

I0,000

COPPER

.000

.0_

.0000

6O.OOOO

LA_ _]R - ,0000

ECON YR-LOC LA:O_$ - .0000

PT TYPE - P_ECHASED BUTDE_(V- ,0000

MARK-UPFAC- 0.0% BU_:DE_E- .0000

MARK-UP .0000 5C!AP - .0000

OTHER _2.000 MAERIAL- _2.0000

TOOL _000

TOTAL V_

TOTAL _r@

.0

42.00OO

42.0000

73
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RT6024 PROJECT- IX
PIONEERENSINEERIN@

MARUFACTURINBCOSTARALYS!S

VOLUME- 10,0;0
FARI!- 26741-20

P/A- I

DESC-ARMATURECARRIER UF_-

O9ER OPERATIONDESCRIFTION

EQUIP

PABE I

3.21.27 B7/0B/3!

olO

M STD l_ £OST OC[ HRS 3_DEh _JR_3N VA_COST

P MIN LABhATE RATE COST MFGCOST

020

7E3B 1.0 3.500 .7B19 .05e3V .OO .0000 .O000

.2234 M 4_,75 2.8421 _.6240

030

7BB 1.0 1.I00 .2330 .0183V .00 .O000 .OOOO

.2JIB _ 34.74 .6357 .B_B7

040

I4B 1.0 .IOO .0215 .0017V .00 .0000 .00_

.214A _ 35.79 .06OB .0923

I4F 1.0 ,500 .10_2 .OOB3V .OO .0000 .O00O
._'_' 2_.5_z_ _ .2121 ._IB3

IDOLINH

.0

B.O

.0

.0

ANNUALREO-

_ATCODE

COST/LB

SCRAF_FAC-

EO_H _T

FINALWT -

lO,OOO LABMIX- _.2¢00

ALUMINUM ECONYR-LOC LABOR$ - 1.!426

!.440 PTTYPE - VENDOR PURDENV- .0000

1.0% _ARK-UPFAC- 0.0_ _R_EN _ 3.7507

7,0000 MARK-UP - .0000 SCRAP - .:4_7

L,3000 OTHER .000 MATERIAL- I0.0300

TOOL$000 8.0

TOTALVAR 15,1230

TOTALMFB 15.1230

?4

ORIGINAL PAGE tS

OF POOR QUALITY
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............... _..,.,.Y :5 3.21.27 9710B131kT_¢2:

VSLU_E- 10,000 P/A- 1
PART0- 25741-21 DESC- 5E_L RINB U?E-

OPER OPERATIONOEERIFTION

r.,._ "" _'JRDEN VAR COSTE.... M 5T0 Lk_ COST C,_ _R5 _URDEN

P MIN L:_ RATE RATE COST MF8 COST

TOOLI_

¢,(,
c_, AA_

.2198 R 25.26 .04BO .0700

.0

02O

5X2 1.0 .200 ,0447 ._033V .GO

.2234 _ 27,82

.0000 ,0000

.0_18 .1385

.0

O_,C'

2A2 !.0 .50O .11]7 ._OB3V .00 .0¢00 .0000

.2234 M 25.14 .2097 .3204

1.5

0_0

14H 1.0 .BOO .1699 0133 V .00 .0000 .0000

.2124 _ 16,71 .2222 .3721

.0

(_K/,

5AI !.0 .IOO .022u .OO17V .00

.219B _ 23.2_

.0

060

5X2 1.0 ,600 .1340 .OlO0V .00

.2234 ,,w27._2

.0000 .0000

.27G2 .4122

.0

07¢
..... ,', =:,r. 11!7 .¢0_3V ,OO

.2234 _ 25.14

1.5

20At 1.0 _,000 .6594 .0500V .00 .0000 .O000

.2198 M _2.08 2.6040 _.2634

4,0

i_ ,OO .ODO0 0000HCI l.O ,..0 .0354 .OO2CV , .
9_el

4.0

i00

2C 1.0 2.000 .4364 .0333V .00 .0000 .0000

,2182 X 27.14 .903B I._402

1.5

II0
Jp_E,. 1.0 l.OOO .2194 .0167V .OD .ODD0 .OOOO

.2194 _ )8.$g .649) .BbB9

5,0

120

148 1.0 .I00 .0215 ._017V .00 .0000 .0000

.214_ M _.79 .OAO8 .0821

,0

130

}4F 1.0 .100 .021) .ODI7 V .00 .0000 .0000

ORIGIN_J. PAGE IS _

oF POOR QUALITY 325

.0



RTE02_ PROJECT- IK
P,O,(::.,ENEINZ_RIN6

_ANUFA:TURIWSCCSTANALYSIS

V_LUME- iO,OOO

PART I- 2&74Z'2_

PIA- I

)ESC- SEAL R!_S

OPER [:BRATI2_ZE_Z£Z?TIG)_

E?J]P

PA6E 2
3.21.27 87/08/31

UFB-

_J;;ZN )URDEN VAR CCST

):TE 22ST MFE C_ST

TDDL!NS

ANNUAL REQ-

MATCODE

COSTILB -

SCRAP FAC -

RDUBH WT -

FINAL WT -

I<hOOO LAB _IN -

STEZL ECDN YF,-LOC LABOR$ -

:'' F'TTYPE - _ERDD_ B_RDEN V-o_vu

..,,Z MARK-UPFA_- O.OI BURDEN.w._

3.9C_0 KARK-'_P .O00C: £CR£_

2.700,'.' OTHER .000 MATLR=A_-

_,1500

2.0093

.0000 IDDL $000

5.$208

.OBTO TOTAL VAB

1.1700 TOTAL_FB

i7.5

8,7B71

B.7871

O[_h"4++L PAGE t_;3

OF PO'L_R _:jALITY

?6
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RTB024 Pff_JECT- IK

VOLU_E- 10jO00 PIA- 21_70

FA_T #- 2£741-I_ DES:- OUTERLAMINATION

C_Ep OFERATIONDESCRIPT]OK
EQUIP _ STD

P _IN

PIONEER EHSI_iEERINI

.....u,_,TU,qIRDCOST ANAlYSIS

OF POOR QUAL._Ty

3.21.27

UPG-

LAB COST DCC HRS BURDEN BURDEN VAR COST

LAP RATE RATE COST MFG COST

PAGE I

B710913]

TDOLI_

010
_L2 .5 .039 .0035 ._005V .00 .0000 .O000

.2357 _ 29.04 .0145 .01BO

•0

O2O
BE2 .5 .030 .0035 .)005V .00 .0000 .0000

.2357 M 4B.60 .0243 .0278

80.0,

ANNUALREQ- 2&,700,000

_AT CODE - 5T/STL ECON YR-LOC

COST/L_ .E20 PT T%_E - VENDOR

ECRAF FAC - 1.0Z MARK-UFFAC- 0.0%

ROUGH _l .0520 MARIZ-UP - .0000

F!H_L _T .0320 OTHER - .000

UB MIN - •0300

L¢90R S - .0070

B!RDEN V- .0000

B!RDE_ _- .03BB

E RAP .O00B

TERI_L- .0322

TOOL $000

TOTAL VAR

TOTAL _F8

BO,O

.0788

.07_

7_

327



PIONEERENBINEERIN9 PABE I

MANUFACTURINBCOSl ANALYSIS 3.,I._7 B7!0813!RT_C24 FROJECT- IK

VDL_E -_ I0,000

PART i- 267_I-19

P/A- 1,970
OESC- INNERLAMINATION UPG-

DFER DFEE_T]:_DESCRIPTION

EgUIP M STD LAB COST

F' MIN LAB RATE

OCC HRS )URDE_ BURDEN VAR COST

RATE COST MFG COST

010
8L2 .5 .015 .O01B .0003V .00 .OOOO .0000

.2357 M 29.04 .0097 .0105

V_V

8E2 .5 .015 .O01B .0003V .OO .0000

,2357 M 49.6(I .0146

iOOLINS

.0

.0000 30.0

.0164

ANNUAL REO-

hAT CODE

C_ST/L)

SCRAFFAC -

ROUGHWT

FI)(AL_T

I%700,000 LAB KIN -

ST/ElL ECDN YR-LO_ LABOR$ -

.6:0 PT TYPE - VENDOR BURDENV-

1.0_ _R):-UPFAC- 0.0% BURDENM-

.0!60 MARK-UP .0000 SCRAP

.01_0 OTHER .000 MATERIAL-

.0150

m0036

.0000

.0233

.O00A

.0101

TDDL $000 30.0

TOTALVAR .0174

TOTAL MFB _'_'•vJ,

ORIGINAL P_GF" l_

OF POOR QUALITY
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RT602] PROJECT- IK

VOLUME- 101000 PART- ITTI-IO0

[O_PD_ENT DESC - TRb'N_ATED

IOD.l_

MTI-VC-50 VDLTABECDNTROLLERA I

VENDOR B7.5 19.5400

MTI-VC-51 CAPACITOR 23
PURCHASED .0 .0000

PIONEER ENBINEERINB

BILL OF MATERIALWITH COST

)ESC - POWER CONTR & CONO

QTY MATERIAL LA) MIN LABOR $

WEIBHT

254.82 34.01 7.54V

M

PARE I

3.11.01 B7110114

PURCHASEO

BUR)EN SCRAP MARK-UP lOT COST

.00 .00

3I.IB .40

173.19 .00 .OOV .00 .00

M .00 .00

COMPONENTTOTALCOST 19.5400 42B.01 34.01 7.54V

B7,5 M

ASSEMBLY COST

.0

.OO 293.94 *

.00 173.19*

.00 .00 426.01

31.1B .40 .00 467.13

TOTALCOST 19.5400

TOOLINB

EQUIPMENT

.00 .00 .00 V .00 .00 .00
M .00 .00 .00 .00

.00 .00 425.01

3I.IB .40 .00 467.13

42B.01 34.01 7.54 V

M

B7.5

4,790,200

86

ORDINAL _'_....._ __'_

OF. POOR QU._LI=,'y
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RT602!

VOLUME -

COMPONENT

PROJECT - IK

IOIO00 PART - MT]-VC-50

PIOKEER ENGINEERING

BILL OF MATERIAL_ITH C:_SI

DESC - VOLTAGE _D_ROLL_ A£SY

DESC - TRUNCAIED OIY MATERIAL LA_ MIN LAPOR I _DER

10DL]NG WEIGHT

ORIg.W;_,I ........
6,j

I).ABE J

.X,I1.0! iB//-I__._I,1

SCPa_ e,aI,vqp ]'..'q _

HOUSING l .00 12,00 2.70V .00

35.0 7.6000 _ _0.2D

BRUSH SUPT I .00 _.01 .65Y .00

7.0 ._500 ff 1.53

BRUSH ASST3/8 60 2 g,O0 ,00 ,OOV ,00

.0 .0000 M ,00

NTI-VC-3 BASE PLAIE I mOO .8_ .IgV .00

VENDOR %0 3.7000 M .a2

MTI'VC--( TERMINALCOVER I ,44 ).0! .2IV ,00

VENDOR 8.0 1,0000 M .74

KTI'VC'5 TERMINAL_O_RD I .SI .0 .OIV .00

VENDOR .5 .1400 M .06

MTI--VC--6 TERMINALBLOCK 3 .90 .() _OOV .00

PURCHASED .0 .0000 _ .00

CD)(TA_TF..I)IS } .00 3.'._ .B.W .00

3,0 l.]bO0 l_ }.6B

_TI-VC-B UPPER COYER I I.B2 5. _5 1.17V .00

VENDOR 10.0 4.7000 M 3.52

MTI-VC-9 GEAR _OTOR I 75.00 .JO .OOV ,00

PURCHASEQ .0 .0000 B .00

COIL AGSY I }64,00 O0 ,OOV ,00

,O .0000 _ ,00

VENDOR

MOTOR SUPPORT J .31 65 .15V .00

15.0 ,7500 _ ,57

MTI-VC-12 GASKET I .40 .00 .OOV .00

PURCHASEO .0 .0000 M .00

MTI-VE-I_ BASKEI I ,_0 ,00 ,OOV ,00

PURCHASE) .0 .0000 _ ,00-

MTI-VE-I? SCREW J/(-20 X 516 F 2_ .4@ .00 ,OOV ,00

PURCHASED ,0 .0000 M .00

SCREW II_-20% 31B B 8 ,16 ,00 ,OOV ,00

.0 .0000 fl ,00

MTI-VC-IB

PURCHASE)

St.,NEWII0-24 X 51B F B ,16 .00 ,OOV ,00

,0 .0000 p _ M .00

• O0

.23 .OD 23.]3 *

.00

.02 .00 2.20 *

.00

.00 -.00 4.00

,00

.0_ ,.00 ,B2

,00

.0) ,00 1._,3 *

.00

.0! .o0- -_-_*

•O0

•O0 .O0 _0 i

,00

.00

•07 -.00_ _._.'*

.00

.00 .00 75,_0 *

.00

.OD .170 !Gl_.tL!_

.00

.00

,00 ,4)0 _0 *

.00

.00 ;0_ .-_.-*

.00

.oo .o0 .r_,

.00

.00 ;1)l) .16 *

.00

.00 .00 .it, *
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RT_021 PROJECT- IK
PIONEERENGINEERING

_ILL OF MATERIALWITH COST 3.11.01
PAGE 2

B7/10/14

VOLUME- I0,000 PART- _TI-YC-50 DESC - VOLTAGE CONTROLLERASSY VENDOR

[OMPO_ENT DESC - TRUNCATED QTY r_TERIAL LAB MIR LA_ $ EUEDEN c'..R,p,IIARK-UFTOT COST
TOOLING WEIGHT

MTI-VC-20 SCREW I14-20I 5/B H B .16 .DO .OOV .00 .00

PURCHASED .0 .DOO0 M .00 .00

MT]-VC-2I BOLT 1/4-20 X I HEX 4 .12 .00 .OOV .00 .DO

PURCHASED .0 .0000 M .00 .00

MTI-VC-22 NUT I14-20 4 .OB .00 .OOV .00 .O0

PURCHASED .0 .0000 M .OO .00

MTI-VC-23 WAS_R I14'LOCK 4 .04 .00 .0OV

PURCHASED .0 .0000 M

Q

MTI-VC-24 FITTING 2 .04 .00 .OOV

PURCHASED .0 .0000

.00 .16 t

.00 .12 t

.00 .OB t

.00 .00

.00 .00 .00 .04 m

.00 .00

.00 .00 .00 .04

COMPONENTTOTAL COST 19.5400 254.B2 26.62 5.97V

87.5 M

ASSE_9LYCOST .00 7.39 1.57 V

• .0 M

TOTALCOST 19.5400 254.82 34.01

TOOLING B7.5

.00 .O0 254.B2

2_.12 .36 .00 290.27

.00 .00 .00
2.06 .04 .00 3.67

7.$4 V .00 .00 254.B2

M _I.IB .40 .00 293.94

ORIGINAL :_E iS

OF POOR QUALITY
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COMPARISON OF COSTS: 713LC ,,s. X_'-8:18HEATER DOME

Investigation of X}'-818 has revealed only one I) source for this material -- Howmet

Turbine Components Corp., Ann Arbor, Michi_in.

Information received there indicated that thh is a rarely used material which they

developed for a specific customer and which is considered to be available only on

special order in 2,000 lb. lots.

When pressed for a comparative cost with 71 :LC, they estimated 713LC at $7.00 to

$7.50 per pound vs. XF-818 at $4.00 to $5.00 per pound for ingot materials.

With this information we contacted Bob Braden, Sales Manager at their LaPorte, Indiana

plant, the only'foundry they can recall having used iL Mr. Braden estimated the "as

east" cost would be about 70% of 713LC ba_ed on our discussions and assurfiptions.

It should be noted that this is a very broadly based estimate with possibility of wide

variances when specific quotes are possible.

The part eost has been revised for XF-818 to the increased weight from 34 pounds to

67 pounds and the material cost to $29.40 p_r pound, 70% of the $42.00 shown for

713LC.

A review of previous Pioneer cost revealed t!,at analysis costs were used for XF-818

not "as cast" cost.
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lST] ABSTRACT

Ferromagnetic compositions having intrinsicmagnetic

coercivities at room temperature of at least 1,000 Oet-

stcds are formed by the controlled quench of molten

rare earth4ransidon metal alloys. Hard magnets may be

inexpensively formed from the lower atomic weight

lanzhanideelements and iron:
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HIGH COERCD/I'_' RARE EARTH-IRON

MAGNETS

This invention relates to substantially amorphous rare 5

ean.h-iron (Re-Fe) alloys with high room temperature

magnetic coercivities and to a reliable method of form-

ing such magnetic alloys from molten precursors.

BACKGROUND 10

lnterrnetalYm compounds of certain rare earth and
tra_,xsition metals 0{E-TM) can be made into magneti-

cally aligned permanent magnets with cc_rcivities of
several thou,sand Oerstedz. The compounds are ground

into sub-crystal sized particles commensurate with sin-

gle magnetic domain size, and are then aligned in a

magnetic field. The particle alignment and e..onse-

quently the magnetic aligTu'nenL is fixed by sintering or

by dispersing the particles in t resinous binder or low

melting metal such as lead. This is often referred to as

the powder metallurgy process of making rare ¢arth-

txx_don metal magnets. When treated in this manner,

these intermetallic compounds develop high intrinsic

magned¢ coercivities at room temperature.

The most common inter'metallic compounds process-

able into magnets by the powder metallurgy method
contain substantial amounts of the e]ements samarium

z.nd cobalt, e.g., SmCo_, Sm:Col_. Both of these metals

are relatively expensive due to scarcity in the world

market. They are., therefore, undesirable components

for mass produced m,,gnets. Lower atomic weight r-.,are
earth elements such as cenura, praseodymium and nco-

dym/um are more abundant and less expensive than

samarium. Similarly, iron is preferred over cobalt.

However, it is well known that the light rare earth

element* and iron do not form inter'metallic phases

whtm homogeneously melted together and allowed to

cD'stzJlize as they coo]. Moreover, attempts to magneti-

cally harden such rare earth-iron alloys by powder

metallurgy processing have not I:m_n successfuL
This invention relates to a novel, efficient and inex-

peeve method which can be _ed to produce magneti-

tally coercive rare earth-iron alloys directly from ho-

mogenous molten mixtures of the elements.

OBJEC'£S

It is an obj_-'t of the invention to provide magne.fi-

cz.lly hard KE-TM alloys, particularly Ke-Fe alloyx,

and a reliable means of forming them directly from

molten mixtures of the element*. A more particular

object isto provide a method of making magnetically

h2.rd alloys from mixtures oF rare earth e3ements Lnd

iron which do not otherwise form high coercivity inter-

met2.1_c phase* when allowed to crystalii-,- as they
cool. A further object of the invention is to control the

solidification of molten rare earth-iron mixtures to pro-

duce ferromagnetic alloy* with substantiallyamorphous

rrficrostructures as determined by X-ray diffraction. A

mon_ specific obj_'t is to provide hard magnetic alloys

wi_ room re•riper•sure cocrcivities of at least seve._

thoumnd Oersteds dim=fly from mohem rr_xtures of low

atot_c weight rare earth elements such as C.e., Pr, Nd

and, the abundant tralaxition metal Fc, by a Sl:mc_Llly

adzp,,=d qu_mching proce_.

BRIEF SUMMARY

in acg:orda_c_ with a preferred practitm of the inven-

tion,• magnetically hard rare etrth-iron metal allo'j,

4,496,3' .5
2

nay be formed as follow*. Mixtures of rare earth ele-

n ents and iron are homogeneously alloyed in suitable

r oponions, preferably about 0.2 to 0.66 atomic percent

iron and the balance rare earth metal. The preferred

r_re earth metals are the relatively low atomic weight
eements which occur early in the lanthanide series such

a, cerium, praseodymium, and neodymium. Th_,e al-

l _ys have some room temperature coercivity, but it is

_-enerally less than 200 Oersteds. Herein. compositions
_dth intrinsic coercivifies lt_ than about 20D OerstefLs

t room temperature (about 23" C.) will be referred to as

s fit magnet* or as alloys having soft magnetic proper-

t es. The alloyed, magnetically soft Re-Fe mixture is

15 I laced in a cylindrical quartz crucible surrounded byan

i_duction heating coil. "/'he rare earth iron mixture is

_elted in the crucible by activating the induction heat-

i_g coil. The crucible has an orifice at the bottom for

xpressing a minute stream of molten alloy. The top of

20 "he crucible is sealed and provided with means for intro-

ducing a pressurized gas above the molten alloy to

":_ropel it through the orifice. Directly adjacent the uri-

c;ice outlet is a rotating chill disk made of highly heat

onductive copper electroplated with chromium. Metal

25 .'jected through the orifice impinges on the perimeter of

he rotating disk to that ii cools almost instantaneously

md evenly. The orifice diameter is generally in the

angc of 250.--1200microns,. The preferred velocity of

he perimeter of the rotating disk is about 2.5 to 25

30 -neters per second. T-no disk itself, can be considered an

nfinitely thick chill plate- "I-he cooling of the ejected

molten alloy is, then:fore, • function oF heat transfer

within the alloy itself onto the chill surface.. I found that

35 if the disk is maintained at room temperature., and the
molten alloy is ejected through the orifice under • pres-

sure of about 2.5 pounds per square inch, then the maxi-

mum thickness for cooled n'bbon formed on the perime-
ter of the chill disk should be no more than about 200

40 microns. This provides a rate of cooling which pro-

duces the high coeroivity magnetic alloys of this inven-

tion. Quench rate in spin melting can be controlled by

adjusting "suchparameters as the diameter of the ejec-

tion Orifice, the ejection pressure., the speed of the

45 quench disk, the temperature of the disk and the tem-

perature of the reuben alloy. Herein the terms melt

spinning and spin melting are used interchangeably and

refer to the process of expressing a molten metal Mloy

through a small orifi_ and rapidly quenching it on a

50 spinning chill surfa_,_

Critical to the invention is controlling the quench rate

of the molten Re-Fe alloy*. Enough atomic ordering

should occur upon solidification to achieve high rung-

S._ netic cocroivhy. Howev_, a magnetica.lly soft crystal-
line microstruct ure should be avoided. While spin melt-

ing is a suitable method of quenching molten RE-TM to

achieve hard magnetic materials, any other equivalent

quenching means such as, c-g.,spraying the mohtm

6c metal onto a cooled substrate would fall within the
soope of my invention.

I have_, e.g., spun melt an alloy of Nd0._e_s from an

orific_ 500 microns in din.meter at an ejection prts._re

of2.5 psi on a room tlta'nperature chillsurface moving at

6 a relative *pe_d of 2.3 meters per senond to directly

yieldan alloy with • mtmsur_ coer_vity of g.f_ h"lo-

Oedsteds. The spun melt magnetic alloy had a substan-

tiallyfiat X-ray diffraction pattern.

11."
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3

DE'TAILED DESCRIP'I-ION

My invention will be better understood in view of

prderred embodiments thereof described by the follow-

ing figures, descriptions and examples.

FIG. 1 it a schematic view of a spin melting apparatus

suitable for use in the practice of the invention;

FIG. 2 it a plot of substrata surface velocity versa

intri_c coercivity for NdatFeo.6 •t 295" K. The paren-

thetical numbers adjaxent the data poinB are m_ured

nbbo_ thick_ .

FIG. 3 b a plot of substrata surface velocity versa

intrinsic coercivity for three different spun melt

neodymium-iron alloys;

FIG. 4 is a plot of chill substrate surface velocity
versus intrinsic magnetic coercivity for spun melt

Nd0.tFco.6 at ejection orifice diameters Of 1200, 500 and

250 microns;

FIG. 5 it a hystermis curve for Nd0tFe0.6 taken at

295" C. for four different chill substrate speeds.

FIG( 6:i* a plot of substrata surface velocity versus
intrimic coercivity for 5 different alloys of spun melt

praseodymium-iron al]oY_

APPARATUS

FIG. I shows it schematic representation of a spin

melting apparatus that could be used to practice the
method of this invention. A hollow generally cylindti-

ca] quartz tube 2 is provided for retaining alloys of rare

earth and transition metals for melting. The tube has a

small orifice 4 in its bottom through which mohen ahoy

is expr_ezL Tube 2 is provided with cap 6 which _,.a3-

ably retains inlet tube $ for = pressuriz_ inert gas such

as argon. An induction type heating coil 10 it disposed

around the portion ofquart2 tube 2 tmntaining the met-

ah. When the coil is activated,it heats the material

within the quartz tube cau._g it to melt and form a fluid

mass 12 for ejection through orifice 4. Gas is introduced

into space 14 above molten alloy 12 to maintain • con-

stantposidve pressure so that the molten alloy is ex-

pressed at a controlled ratethrough orifice4. The ex-

pressed stream 16 immediately impinges on rotating

disk 18 made of copper metal plated with chromium to

form = ugiform n'bbon 28 of alloy.Disk 18 isretained on

shaft201uu:Imounted againstinner and outer retaining

members 22 and 24, respectively. Di_ 18 is rotated in a

clockwise direction as depicted by a motor not shown.

The relative velocity between expressed molten metal

16 and chillsurface 26 iscontrolled by changing the

frequency of rotatitm. The speed of disk 18 will be

expressed herein as the number of meters per second

which a point on the chM surface of the di_k travels at

a consUmt rotation_ frequency. Mc2ns may be pro-
vlded within disk 18 to ch_ it.Disk 18 ismuch more

mmmive than ribbon 2:8 and acts as an inrmitely thick

heat rink. The limiting factor for the rate of ckill of the

moltsm alloy of strenm 4 is the thickness of ribbon 28. If
ribbon 28 is too thick, the metal most remote from chill

surface 26 wm cool more slowly than that adjacent the

ch_'tl surfat'2.. If the rare tarth-iron alloy cools to slowly

from the_regiS, it w'ill solidify with • ca'_ta.Uine micro-
structure-time is not permanently magnetic. If it cools

too quickly, the n'bbon willhave relatively low cocreiv-

ity (<l kon). This invention relates to making hard

KE*TM magnets by quenching molten mixtures of the

elements at a mac betw_ that which yields amorphous

soft matgnetic materbfl m_l nonmagnetic crystalline

materiakHere_ the term hard magnet or herd mug-
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neticalloywillgenerallyreferto an Ke-Fe alloy with •
room temperature ooercivity greater thim about 1,000

Oersteds that may be formed by quenching from the
melt at a suitablerate. Generally, the intrinsic coerciv-

5 ity of these magnetic alloys will increase as the tempera-
ture approaches absolute -*'to.

The operational parameters of a spin melting appara-

tus may be adjus-ted to achieve optimum results by the
practice of my method. For example, the rare earth and

10 transitionmctah retained in the melting tube or ves.wA

must be at a tcmperatttre above the melting point of the
alloy to be in a sufficiently fluid state. The quench time

for a spun melt alloy is a function of its temperature at

exprt_on from the tube orifice.. The amount of pres-
15 sure introduced into the melting v_el above a molten

alloy w_l eft'ca the rate at which metal is expressed

through the orifice- The following description and ex-

amples v,aTll clearly set out for one tldlled in the art

methods of pnmticing and the results obtainable by my

20 invention. In the above described spin melting appara-
tu_ I prefer to u._ a relatively low ejection pressure,

(about 2-3 psig). At such pr_ures the mei.a] flows out
of the orifice in a uniform strmma oo that when it im-

pinges and is quenched on the cooling disk it forms a

25 relatively tmiform n'bbon. Another parameter that can

be adju..r, ed is the orifice rite at the outlet of the melting

venal The larger the orifice, the faster the metal will
flow from it. the slower it will cool on the chill surface

and the larger waTi] be the resultant ribbon. 1 prefer to

30 opedate _4th a round orifice with a diameter from about

25.0--1200 microns. Other orificesizes may be suitable,

bm all oth_ parameters would have to be adjusted

_rdin#y for muoh smaller or larger orifice sizes.

Another critical factor is the rate at which the chill

35 substrata moves r_lative to the impingement stream of

rare earth-iron alloy. The faster the substrate moves, the
thinnerthe ribbon of rare earth transitionmetal formed

and the farter the quench. It is important that the ribbon

be thin enough to cool substantially uniformly through-

40 out.The ten'rperatureof the chN] substratcmay also be

adjusted by the incl_ion of heating or cooling means

benc:z_ the chill surface.It may be desirable to conduct

a spin melting operation in an inert atmosphere so that

the Ke-Fe alloys are not oxidized as they are expressed

45 from the mdIing vesseland quenched.

PREFERRED COMPOSITIONS

The hard magnets of this invention are formed from

molten homogeneous mixtures of rare ,'_nh elements

_0 and tmadfitm dements, pzrticuhrly iron- The rare

earth dem,..,._ arc the group falim£ in Group II1A of

the periodL: table and include the met22ts scanditm_

yttrimn and the elements from atomic number 57 (tan*
thanum) through 71 0utefium).The preferred rare ,,.-,rth

55 elements aae the lower atomic wright members of the
fan--de se_es. These ere the most abundant and h_tst

expensive of the raze earths. In order to achieve the

high m_gnetic ctx.rdvides dcfire_ I believe that the
outer f..orbi_l of the hue earth constitutmLt should not

60 Ix empty, full, or half full. That is. there should not be
zero. seven, or fourteen valence electrons in the outer

f-orbitaL Also mitabk would Ix misehmetab consisting
predomimuab, of th-_¢ rare exnh dc_en_

Herein. the rehtivt amounts of rare --,rth and tram_-

ticm met_ w_l be expressed in atomic fractions. In an

aBoy of Nd_eo._ e.g.., the alloyed mixture would

com_ proponkau_y on a w_g.h: ba_ 0,6 mol_

times the m weight of neodymium (144..24 gram._-

122
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moles) or 86.54,t grams and 0.4 moles times the atomic

weight or iron (55.85 grams per mole) or 22.34 g. On i

weight percent basis Nd06Fe0.4 would contain

wt Nd -_
_wt Nd _ "wt F¢ × I00 -- 79.5% Nd m_d

WI F¢
W: Nd + W( F¢ X IO0. 20,_% Ft_

An atomic fraction of 0.4 would be equivalent to 40 10

atomic percent, "J'he compo_tionM range oft.he RJE."J-M

alloys of this invention is •bout 20-70 atomic pert.era
transition metal and the balance rare earth met,_.l. Small

• mounts of other elements may be present so long as

they do not materially affect the practice of the inven- 15
tion.

MAGNE'TISM

Magnetically soft, amorphous, glass-like forms of the

subject rare earth-transition metal alloys can be

achieved by spin melting followed by a rapid quench.

Any atomic order]#g_hat may exist in the alloys is

.extremely short range =EndcannOt be detected by X-ray

diffraction.They have high magnetic find _turations

but low room temperature intrinsiccoercivity, gener-

ally 109---200Oc.

The key to practicing my invention is to quench •

molten rare earth-transitionmetal alloy, panicuhrly

rare earth-ironalloy,at a rate slower than the cooling

rate needed to form amorphous, glaas-likesolids with 3(

soft magnetic properties but fast enough to avoid the

formation of a crystalline, .*,oh magnetic microstructure-

High magnetic coercivity (generally greater than 1,000
Oe) characterizes quenched RE-TM compositions

formed in •ccorclancc with my method. These hard 31

magnetic properties distinguish my alloys from any like

composition previously formed by melt-spinning, s_m-

'ply .alloying, or high rate sputtering followed by low

temperature annealing. X-ray diffraction patterns of
some or the Nd-Fe and Pr-Fe alloys to contain weak 4)

Brag• reflections corresponding to crys_lline rare

earths (Nd, Pr) and the RE2FeI'/intermctallic phases.

Owing to the low magncdc ordering temperatures of

these phases (lessthan 330" IC}, however, itis highly

unlikely that they could be the magnetically hard corn- ,5

ponent in these melt _-_unalloys. The coercive force is

believed due to an underlying amorphous or very finely

crystalline alloy. The preferred Smo.4.Fco.6 and

To0,Feo.6 •lloys also contort weak Brag• reflections
which could be indexed to the REF_ intermetallic +O

ph_es. These phases do have relatively high magnetic

ordering temperatures (_pproximately 700" K.) znd

could account for the coereivity in these alloys.Mag-
nets made by my invention not only have excellent

magnetic characteristic-s, but are also easy and economY- 55

c=] to produce. The following example5 will betnex

illustrate the pra_ic.-e of my invention.

EXAMPLE l

A mixture of 63.25 weight percent neodymium metal 60

and 36.75 weight pement iron was melted to form •

homogeneous Ndo.4-Fe0.6 t]loy. A sampi© of the alloy

was dispersed in the tube of a melt *pinning apparatus
like that shown ia FIG. L The alloy was melted and

ejected through • circular orifict 500 microns in diame-

ter with an argon pressure of 17 kPa C_--5ptl) onto = ch_l

dksk L'_tially at room temperature- The velocity of the

chill disk _ varied m 2_5, 5, 15.20 and 25 metct_ pet

"13
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6
econd The intnnsiz cocrc*vitic_ of the rcsuhing Mloys

_ere mc.a.sured at a temperature of 295" K. The alloy
ibbons were pulverized to powder by • roller on • hard

urface and retained in the sample tube o[ • n'mgnetom¢-

er. FIG. 2 plots the mcu.sured intrinsic coercivi W in
dloOcrstcds as a function of the substratc surfac_ veloc-

_t)' for the chill member. The p'a.rentheticaJ numbe_

adjacent the data points co_espond to mcusured ribboa
thickne_cs in microm h is clear lhat • substrm_ veloc-

ity of 2.5 meters per second doe* not achieve the dcs£red

op "+'m _ -". co¢::;_=:). We beheve that the n'bboa hyed

down at th_ _ubstrate surface velocity wa.5 too th,ick

(208 microns). It cooled slowly enough to allow the

grov, q.h or nonmagnetic crystal structures. The opti-
mum quench rate appeared to be achieved at • disk

surface velocity of 5 meters per second. At higher disk

speeds (faster quench and thinner ribbon) the room

temperature intrinsic coercivity decreased gradually

indicating the formation of amorphous sort magt_etic

20 struct_cs in the alloy.

EXAMPLE II

FIG. 3 shows a plotof measured intrinsicmagnetic

coerci_4ty st 295" K. as a function of chill disk Surface
32 velocity for three different neodymium iron alloy•. The

alloys were composed of Ndl _,_Fe= where x is 0..5, 0.6

and 0.7.The maximum achievable coercivity seems to

be a functiOn of both the sub•irate surface velocity and

the composition of the rare earth transition metal alloy.

The greatest coercivity was achieved for Ndo._Feo._and

a chilidisk surfacespe_ of•bou t2.5 meters per second.

The omer two neodymium iron alloys containing •

greater proportion of iron showed lower maximum

coercivifies achieved at reladvely higher subs•rate sur-
face velocities.However, all of the materials had ex-

tremely good maxn'num room temperature coercivhics

(greater than 6 kiloOersteds).

EXAMPLE lII

FIG. 4 shows the effect of varying the size of the

ejection orificeofan =pparatns likethat shown in F'IG.

I for Ndo,tFeo6- The ejection gas pressure was main-

mined at about 2.5 prig and the chill disk was initially at

room temperature_ The fig_are shov,.s that sttbstrate i'm'-

face velocity must incrcz._ as the orifice tize incrcaf_s.
For the 250 micron orifice.,the maximum me_ed

coer_ivity was achieved at • substrate speed of about

25 meters per second For the 500 micron orifioe, the

optimum measured cocrcix'ity was It • chill sm"fa_t

speed or" 5 meters pe-rsecond_ For the largest orif, c_

1200 microns in dw..rnet_',the optL"num substr_te su_-

face speed was higher. 15 mete_ Pe-r second- Again, the

process is limited by the thickness of the ribbon formed

on the chill surh_.. That is. that portion of the metal

moSt remote from the ch_ suHaoc itsdf must cool by

htat transfer through the balance the spun melt mtmrial

at a r=te fast enough to z.chJcve the d_trt_l or_criag of

atoms in the alloy.Homogeneo_ cooling isdeaired _o

that the magnetic propm'_es of the ribbon _ tmiform

throughout. The fa.stcr the _ surface travel•, the

thinner the ribbon of R.E-TM prmluced.

EXA_PLE IV

FIG. S showt hystere_ curve, for Ndo._t:ea.+ ejemed

from • 500 micron orif_:t at a _ prt_ure of 2-$ lmi

onto a chill mcrab_ moving at nu_s of 2_5. 5. and 15

meters per ter.omL respe_:_vely. Tho_ alloy_ c.jec_

:63
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onto the substrate moving •t • speed of 2.5 me•co per comminuting and compacting said alloy into • re•g-

second had relatively low room temperature cocrcivity, eel shape and magnetizing it in an applied magnetic
The nm'row hysteresis curve suggests that this alloy is a field.

relatively soft magnetic material. Alternatively, the 3. A method or making an alloywith permanent rang-
relatively wide hysteresis curves for chili subs•rate re- S netic propcrt_ comprising the steps of:

Iocities of 5 and 15 meters per second •re indicative of
materials with high intrinsic magnetic conrdvifies at

room temperatures. They ire good hard magnetic mite-
rials-

10
EXAMPLE V

FIG. 6 is• plotof chilldisk velocity versus measured

intrinsic coercivity in kiloOerslodS for alloys of

Prl__Fe._ where • is 0.4. 0.5. 0.6, 0.66 and 0.7. The

alloys were ejected at • pressure of about 2..5psig 15

through • 500 micron orifice. The Pr0.yd::eo.e_ and

Pr0.3Feon quenched on • disk moving at •bout ten me-

ters per second had measured intrinsic coerciviffcs at

22" C. of greater than 7 kiloOcrsteds. The Pr0.6F_.4

alloy had a maximum measured cocrcivity of•bout 3.8 20

kiloOcrst6cLs •t • quench disk surface velocity of about

five meters per second.

I have also spun melt sampl_ Tbo.4Fet_6 and

Sm0.4Feo.6.The maximum coercivity measured for the

terbium alloywas about three IdloOcrsteds. The sam_- 23

ium alloy developed • room temperature tx__rcivity of

at least 15 idloOersteds, the highest coercivity measur-

able by the availablemagnetometer. Spun inch samples

of Yo.6Fc0.4did not develop high intrinsic:nor:iv•ties.

The measured coercivities of the yttrium samples were 30

in the 100-200 Oersted range..

"l-nus I have discovered a reliable and inexpensive

method of making alloys of rare earth elements and iron

into hard magnetic materials. Heretofore, no one has

been able to make such high cocrrivity magnets from 3_

low molecular weight rare earth elements, mischmcta_

or even samarium and iron. Accordingly, while my

invention has been described in terms of specific em-

bodiments thereof, other forms may be readily adapted

by one skilledin the an. Accordingly, my invention is 40

to be limitedonly by the following claims.

The embodiments of the invention inwhich an exclu-

sive property or privilege is claimed •re defined as
follow's:

1.A :,ethod of making an alloywith permanent mug- 45

netic properties •t room temperature comprising the

stepsof forming • mixture of iron and one or more rare

e•nh elcmem_

h_ting said mixture to form a homogeneous molten

alloy; and 50

quenching raid molten alloy at • rate such that it

soiidifics subsL_ntially insutnt.aneously to form an
alloy having an inherem room temperature mag-

netic coereivity of at least about 5,000 Oersteds as

quenched. _

2. A method of making a permanent magnet compris-
ing the steps of:

melting an •tiny of 20 to 70 atomic percent iron and
the bahnce one or more rate earth elements takea

from the group consisting of praseodymium, n¢o- 60

dyrn'mm, and samarium;

quenching raid molten alloy at a rate such that it

solidifies substantie21y instantaneously to form an

alloy with a substantially amorphous to very finely

crystalline microstructure as measured by X-ray 65

diffraction having • room temperature intrirttic
magnetic coe_vity of at least about 1,000 Oer-

ste_ Jura 114

alloying • mixture consisting essentially of 20 to 70
atomic percent iron and the bahnce of one or more

rare earth elements taken from the group consisting
of praseodymium, neodymium, and samarium;

melting said g]]oy to form a fluid

withdrawing • small amount of raid alloy from said

fluid mast,; and

instantaneonsly quenching raid small fluid amount

su,-h that the as quenched alloy has an inherent

intrinsic magnetic conrcivity of at least I,GO00er-

steds at room temperature.

4. A method of making • magnetic.ally hard alloy

directlyfrom • molten mixture or iron and rare earth

elements comprising:

melting • mixture COhering essentiMiy of 20 to 70
atomic percent iron and the balance one or more

rare m.qth elements taken from the grtmpconsisting
of neodymium, p_ymium, and mi_h.memls

thrx¢of;

exprt_aing hid molUm mixture from an orifz¢c;and

immmedigtely impinging raid r2tpressadmixture onto

• chFfl surface moving at • rate with respect to the

express_ metal such that it rapidly solidifies to
form an alloy ribbon with • thickness h:u than

about 200 microns having It magnetic coe_vity at
room temperzture of at |east about 1,000 Oe-n;teds.

5. A method of making an iron-rare earth element

alloy having • magnetic cocrcivity of at least 1,000

Oemeds at room -'-,peratm_ comlm'ising melting an

alloy of 20 to 70 atomic pert:ant iron and the hahmoe

one or more rare earth elements _ from the group
coasis_g of praseodymium, neodymium, samarium,

and mischmetah thereof; and ejecting raid alloy

through an orifice razed such that when the ejecled

alloy is impinged onto • ch_ surface u'avding at •

substantially constant velocity relative thereto,a ribbon

having a thick._-'ss Ires than about 200 microns and a

substantiallyamorphous to very fmdy crys',_l.me mi-

crc_a-ucture as detcrafinablcby ordinary X-ray diffrac-
tion isformed.

6. A method of making an iron-me _ element

permanent magnet Llloy having • Curie temperature

above 295" 1C and • coer_vity greate_ than about 1,000

Oersteds at room temperature compri._ng melting an

alloy consisting es, entially of 20 to 70 atomic pcrcemt
iron and the balance one or more ra.r_ earth elements

taken from the group consisting of p_ymium, neo-

dymium and samarium; expre.sing said alloyflarough an

orifice; and impinging the e.=tprms_ metal onto • ckRi

surfacetravelingat• velocity relativetheretosuchthat
an alloy n'bbon having • thickness k:_ than about 200
microns is formed.

7. "A frizble n'bbon of rare e_rth-izon alloy having

been formed by melt-spinning • homogeneous mixture

ofirtm and ncodymiu:m., said n'bbon having an intrinsic
magnetic coen::ivity at room temperature of at hart
1,000Oemeds a_ formed.

g. A method ofmaking an alloy with permanent mug-

neff: properties at room and elevated temperatur_

comprising the sleps of..

mixing iron and one or more raft earth dements

taken from the gro.p consisting of pm._-odymium.

neodymium _ _untrium;

364
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melting r,_dd miXture-, and

quenching s,add molten mixture at a rate such that it

solidifies to form an alloy having a substantially flat

X-ray diffraction pattern and an intrinsic magnetic

coercivizy at room tempera.tare of at )cast about 5

1,000 Oers te._

9. A method or making an alloy with permanent nmg-

n'tic proper'tim at room temperature comprising the

steps oF.
forming s mixture of iron and at least one rare earth l0

clememt taken from the group _g of p_

dymium, neodymium, samarium and mischmetals

thereof;
heating •.aid mixture in a crucible to form a homoge-

neous molten alloy;, 15

pressurizing said crucible to eject said mixture

through an orifice in iu bottom about 250-1200
micronmeters in diameter;, and

impinging said ejected mixture onto the perimeter of
a chill wheel rotating at a rate such that an alloy 20

ribbon lessthan _O'mficrons thickwith an in•rinse

coercivity of at least5,000 Ocrstcds at room tem-

perature isformed.

10. A method of making an alloy which may bc di-

rectly manufactured into a permanent magnet _ itis 25

quenched from the melt compri._g:

melting an alloy of iron and one or mort rare earth

elements taken from the group con_xi._ng of neo-

dymium, praseodymium, samarium and mischmet-

als thereof; 30

e.x.pre_ing raid molten alloy from an orifice; and

immediately impinging s.aJd e.xpresse2 alloy onto a

su.,ff.ac2 moving at a rate with rmlx_t to the

e.xprex._:l metal such that it .solidifies substantially
instantaneously to form a brittle ribbon with a 3S

thickne_ le*s than about 200 microns and a mag-
netic coergivity at room temperature of at l_ast

about 1,000 Oerstods.

1L A method of making an iron-rare earth element

alloy having an inherent magnetic coereivity of at least 40

1,0"30 O_'steds •t room temperature comprising:

a.Uoying • mixture of iron and one or more rare e.axth

elements taken from the group consisting of pra-

seodymium, neodymium, samarium tad mischmet-

&Is theroof; . 4_

melting said iron-rare earth alloy in a crux'hie having

am outlet orifice through which said alloy may be

e2tp_ at • controlled rate;

expressing said alloy from said orifice and impinging

the expressed molten stream onto the perimeter of 50

a rotating ch_l surfane travdmg •t a •thrive veloc-

iLv with respect to the st_-.m such ti_ an alloy

ribbon hang • th/ckncss lessthan about 200 mi-

crmts and • substantiallyamorphous W very freely

crystMlinc microstructure as dcteam.inable by S$

X-ray diffractionisformed.

12. A permanent magnet having an inlmrent intrinsm
rnag:mtic _vity of at least 5,000 Ocr_eds at room

mmperature comprising a rapidly quenched alloy of
iron tad one or more rare _u-th eA,'ments taken from the 60

g-ronp con_btiag of a_ymitma, szra_um and praseo-
d_mim_.

I0
13. A permanent magnet alloy having an inherent

in .rinsic magnetic coereiviry of at least 5000 Oct•ted• at

re,ore temperature comprising iron and one or more rare

_-rth elements taken from the group consisting of neo-

d:_mium and p_ymium.

14. A permanent magnet having an inherent intrinsic

magnetic coer'civity of st least 5000 Oersteds at room

temperature which comprise* one or more light rare

earth dements taken from the group con.sitting of neo-

d'"n'fium and praseodymium and at least 50 atomic per-
¢_mt iroa.

I el. A pertmment magnet having an inherent intrinsic

rr_agnetic coerclvity of at }cast 5000 Oersteds at room

temperature and a magnetic ordering temperature

a'!_ove about 295" K. which comprises one or more rare

t.:rth elements taken from the group consisting of" neo-

d,-mium and praseodymium, and •t least about 50

a_omic percent iron.

16. A permanent magnet alloy having an inherent
h trinsie magnetic coerciviry of at least 5000 Oersted_ at

r)om temperature and a magnetic ordering temperature

wove about 295" K. comprising one or mort rare earth
ement constitutmts taken from the gToup consisting of

reodymium, praseodymium or mischmetals thereof and
Fon or iron mixed with a tmall amount of cobalt where

t_e iron comp_ •t leaxt 50 atomic pertmm of the

alloy,

1"/. A permanent magnet containing • magnetic phase
ir,_e.d on one or more rare earth elements and iron,

l_:hich phase has am intrinsic magnetic coer-civity of at

l,mst 5,000 Oersleds at room temperature and a mag-

t eric ordering tempe..raturt above about 293" K... the

tare earth constituent consisting predomit_ently of neo-

cymium and/or praseodymium.
18. A peruument magnet based on neodymium tad

i,on, which phase has an intrin_c magnetic ccercivity

_fat ]taxi 5,000 Ocr_ccls at room temperature and a

;aagnetic ordering temperature above about 295" K.

1.0. A magnetically hard alloy consisting essentially of

:J least 20 atomic pcrcem iron and the balance one or

:nore rare earth elements taken from the group consist-

:ng Of p_ymium, neodymium and samarium, mid

:dloy having been formed by instantaneously quenching

_ homogeneous molten mixture o1" the rate earth and

:ton to create a magnetic micro,ztr'ucturt with an instrin-

,ic magnetic coergivity of at least 1,000 Oersteds at

onto temperature..

20. A substantially amorphous to very finely crystal-

ine alloy that therefor has a magnetic coercivity of at

_east about ],000 Oer_teds at room temperature com-

0ri_ng 20 to "/0 atomic ix:rgent iron and the balance one

or more rare earth elements taken from the group con-

dsting of praseodymium and neodymium or mischmez-
zls thereof.

21. A friable me.tad n'bbon having a coermvity of at

least •born 1,000 Oersted_ •t room temperature that tan

be comrninuted, pressed and magnetized _ quenched

from the melt to make pertmment magnets comprising

20 to 70 momic pc-scent item. and one or more rare ,-,nh

elements taXe_ from the group consisting of pra.seodym -

ittn_neod)_mittm and mimhmeuds thert_
• • • tt
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2AC 13,_B4.0 BO,O00

_EDIU_ 3,7_5.0 120,000

L_F:EE 1,5!7.0 200,000

I(;'TO 16' S_l)i_ 759.0 30,00_

17' TD 4_' SKIX? 6,!26.0 50,000

SI_BLE .,c°i'_'r,,,... _97.0 1,800

XULTIF'LE_',.'-:c.r,,,_.__ 133.0 2,400

SFZC. ff'J_T!?LEEE_5 4,S?_.0 10,000

NATCO_9L SEt6-15H) _S2.0 75,000

_EDIU_ 2_.0 26,000

L_:q_E 500.0 70,000

O.O. & l._. GRiX2ER 4,467.0 40,000

_' STECiEOVER 4' _" 3_3.0 20,000

SHEAH O_ FRETS_RA)IE 26B.0 12,000

S_A_I - U_ TD 3_" I 48' EED AREA .3,294.0 75,000

I16

$710_131

3.5%41 PkSE 1

TOTAL

E_UIP COST

l,Of9

8,000

200,000

40,000

8,000

!,000

15,000

20,0_0

320,¢09

60,000

80,000

!20,000

200,G_0

_0,000

100,000

1,_00

2,400

I0,009

75,000

26,000

70,Ot_

40,0_0

20,000

12,000

25,000
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RIBOIO PRO_ECI - IK

OF _' ' '/

VOLU__r E_UIF_D;T

101000 BCI V

£_2 V

8E2 V

_LI V

£L2 V

PIONEERE,(_INLRI_o

EgUIPMENTCOST A)iALYSI_BY VOLU_E

_ESCRIFTION

36' X 48' IHRU 60' X %' (_OlAI_p

86' X 48' THRU 60' _ 120' (WIAIF)

ffED]U_

I I12 TD_

2 I12 TON

BR V HYDRr.FOR._

t3A2 V MED]U_ PARTS

14AI V S_ALL

14A2 V _ED]UX

14A3 V LAPSE

14B V W_SH

14D1 V S_LL F_CILITY

1452 V L&RSEFACILITY

HF V ELECTRICAL_EBU_INB

14H V HAKD BRIXDER

16_! V A!_ DRY

20At V $!O0,OOO

20A3 V $300,000

20A7 V $I,200,000

87/08131

3.5%41 PABE 2

TOTAL EDUIPffENT TOTAL

H_JRS COST EOUIP COST

t,262.0 60,000 60,000

i_5.0 70,000 70,000

19,260.0 40,000 200,000

20.0 8,000 £,000

19,260.0 IB,O00 90,000

19_,0 150,000 150,000

333.0 200,000 200,000

t,083.0 11,000 11,000

33.0 1_,000 _B,¢O0

534.0 24,000 2;,000

!,450.0 _I,O00 41,000

_7.0 £,000 £,000

417.0 22,000 22,000

266.0 17,000 17,000

4,299.0 1,000 1,000

500.0 100,000 100,000

_34.0 !OO,O00 I00,000

;_3.0 300,000 300,000

2,062.0 1,200,000 1,200,000

TOTALHOURS !0_,9E7.0

11",
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ASSET CENTER

MANUFACTURING COSTING METHODOLOGY

The methodology used in the development of manufacturing costs by Pioneer follows

typical estimating procedures used in the auto industry. The specific approach is the

application of burden and labor rates for each piece of equipment, or type of operation.

This is labeled an "Asset Center Costing Methodology".

Some costing methodologies use department wide or plant wide burden rates. The

later rates are average rates and do not reflect the costs of a specific operation. A

particular operation may be the most expensive, or least expensive, in a department,

or plant. A design may require a series of operations that are all above the "average"

and therefore, an analysis conducted in this manner can be significantly above that of

the "real" costs of producing a part.

The following paragraphs discuss the methodology in detail Pioneer has developed

computer programs utilizing micro-computers for the process and cost analyses.

However, for clarification,the initialparagraphs describe an operation sheet used for

manual process analysis. Later paragraphs discuss the current computerized version.

INITIAL EVALUATIONS

Manufacturing engineers analyze the part or assembly and listeach of the manufacturing

processes, or operations required to complete the fabrication cycle from the raw

material to the finished product.

DETAILED PROCESSING AND COST ESTIMATING

Process engineers and cost estimators, under the direction of manufacturing engineers,

conduct a detailed process and cost analysis for each part and assembly. All information

developed during this analysis isrecorded on the form shown in Figure 1. A Process/Cost

Sheet is made out for each part and subassembly. The results are summarized to

obtain the total assembly cost.

Two costs can be developed in this process, variable cost and manufacturing cost. The

variable cost contains only those costs associated with the manufacture of the part

or assembly. Manufacturing cost consists of the variable cost plus fixed burden costs.

An example of the process and cost estimating process shown in Figure 1 is discussed

in the following paragraphs. This is a process sheet for forming a bumper face bar.
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The process sheet entries include all operations, from straightening the sheet steel to

the final forming of the bumper.

The column headings and other items of interest on the process sheet are:

@@PER (Upper left corner)

@VOL

OP/A

@REQ

@OPERATION DESCRIPTION

@TYPE OF EQUIPMENT

@M/P

@PCS/HR
MINS

@LABOR COST

RATE

@OCC. HOURS

@BURDEN RATE

Each operation is coded in this column. For this part

seven distinct operations are required and are coded

10 throu_'h 70.

The production volume at which the items are being

costed.

The number of pieces per assembly of the particular

part being costed.

The number of pieces per year required of the piece

being costed. It is a product of VOL (Volunie Per

Year) and P/A (Pieces Per Assembly).

Each distinct operation is described.

Capital Equipment employed in each operation.

Number of men required for each operation.

PCS/HR is the pieces produced per hour per operation.

MINS is the minutes per piece to process one piece

through each operation.

LABOR COST is the direct labor dollars per piece.

LABOR RATE is the direct labor dollars per minute

(including fringes).

The time, in hours, that it takes to process the part

through the operation. For example, if the production

rate is 400 pieces per hour, the occupancy hours is

one hour divided by 400 pieces per hour or .0025 hours

per piece.

There are two burden rate entries, "_¢" for Variable

Burden Rate and "M" for Manufacturing Burden Rate.

120

370



• BURDEN COST

QVAR COST
MFG _OST

• DIE MODELS

OTOOL_G

@MATERIAL

QTOOLING COST SUMMARY

'W" (Variabl_ Burden Rate) includes Set-Up Costs,

In-Bound Freght, Perishable Production Tools, and

other Miscel3aneous Costs that vary with volume

changes. "M 1 (Manufacturing Burden Rate) includes

Variable and _ ixed Burden. Fixed Burden covers Taxes,

Insurance, D::preciation on Capital Equipment and

Building, Maintenance Costs that do not vary with

volume. See Figure 5 for a more definitive list of

burden factors for both variable and fixed.

Per piece b_rden cost is calculated by multiplying

each burden rate by the occupancy hours.

VAR COST is the variable burden plus direct labor

cost. MFG COST is the cost of each operation

including di'ect labor, variable burden, and fixed

burden.

Unique die rlodels required for each operation.

Dies, fixtures and other special tooling required for

each operalion. Tooling and equipment costs are

summarized in the lower middle section.

Material is noted and cost calculated in the special

box located on the lower left corner of the sheet.

Column he_dings in this area are self explanatory.

The type o:i material is determined in several ways;

Le., by specification on drawing, by chemical analysis,

by contactilg appropriate technical personnel respon-

sible for material selection. Once the correct material

specificaticn is obtained appropriate sources are con-

tacted to ,,btain the cost per pound of the material

in the form and quantity required to produce the part.

The total t_oling cost for a given part is summarized

in the lower middle section of the Process/Cost Sheet.

The toolint: cost is reported as a lump sum, leaving

1 Zl
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• EQUIPMENT COSTS

ePART OR ASSEMBLY COST

SUMMARY

specific amortization up to the client. Tooling is an

expense item and may be amortized in the year of

use. Competitive economics, however, may preclude

this move, so that a more extended amortization period

may be used. Since this is a variable subject to the

cl_ent's marketing strategy', toolSng amortization is not

a standard entry on these sheets. As a general rule

the automotive firms amortize major tools and dies

over a three year period. Pioneer has reported con-

sumer costs which include the amortized tooling cost,

usually in summary documents, if requested by the

client

The lower middle section summarizes cost of equip-

ment, equipment installation and freight, and the cost

of all pieces of equipment required to meet the produc-

tion schedule. For instance, if the annual requirement

is 300,000 units, and the shops works two shifts (4000

hours, or 250 days times 16 hours per day), the planning

rate of producgon per operation is 93 units per hour

(_ divided by .8, inherent delay factor), and if
4,000

the equipment selected for the particular process can

only produce 50 pieces per hour it is assumed that

two such processes, or pieces of equipment, will be

installed to meet the schedule.

Costs for producing the part are totaled in the lower

right _de of the form. The entries are:

TOTAL VARIABLE LABOR AND BURDEN; direct

labor plus variable burden.

TOTAL MANUFACTUR/NG LABOR AND BURDEN;

direct labor, variable burden and fixed burden.

MATERIAL; total material cost.

SCRAP; an allowance for scrap based on experience.

(% of Var. Cost)
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MARKUP; siice thisis a part involving inter-divisional

transfer, a markup is included.

TOTAL VAIIABLE COST; the sum of items (a), (c)

and (d).

TOTAL TRANSFER COST; the sum of (b),(c) (d) and

(e). This part is obviously a very high material

sensitiw part since approximately 70% of the

transfer cost is reflected in the cost of steel

All sub-assembly and final assembly cost will 11so be developed on these process sheets.

A work flow chart illustrating the methodflogy used to build up assembly cost is

presented in Figure 2.

Figure 3 presents a flow diagram of the cost build up from basic cost items through

consumer costs.

COST METHODOLOGY VIA COMPUTER PROGRAM

To permit more expeditious data processing, Pioneer uses a computer program to make

all of the calculations discussed above.

Using the computer requires that the manu'acturing engineer process the part being

costed, select the equipment required, and d_fine the operation cycle time. Figure 4

illustratesthe Process/Cost Sheet prepared by the manufacturing engineer for the

computer method. Note the equipment code specified for each operation. From this

information the computer selects the appro)riate labor and burden rates, as well as

equipment costs. Using the specific cycle time, indicated manpower level and the

equipment code, the computer calculates _he labor cost, occupancy hours, variable

burden, and manufacturing burden. It is als_ programmed to determine the multiples

of a given machine required for an operation to produce the required number of pieces

per hour. This is particularly important w_ere costs are determined for a series of

different production rates, where a process nay not change from one rate to another,

but only one machine may satisfy the r_:quirement instead of two at a greater

requiremenL The scrap material costs are :omputed and the total cost is calculated.

IJse of the computer permits error free accumulation of the total cost of a product,

eliminating manual build up of sub-assembly to final assembly costs. Other cost data

manipulations and extractions are possible using the computer which are cost prohobitive

if attempted manually.

1:3
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BURDEN RATE DERIVATION

Pioneer does its cost estimating using the "Asset Center" burden approach, as opposed

to the more common, less demanding techni]ue of deriving manufacturing cost by

applying departmental or plant wide burden as a percentage of direct labor cost. The

"Asset Center" approach is not normally used by most companies because it requires

a more refined and sophisticated data colleclion system, the complexity of which is

shunned by comptrollers. It is however, mor_ accurate and for this and many other

reasons is the approach used by Pioneer. The following paragraphs review some of

the philosophical rationale for using "Asset C;nter" burden rates.

Classically burden rates are historically deterz_ined -- the burden rates for this year's

projected costs are based on what was accurmlated last year. The resultant burden

rates are elosel_' guarded secrets by most c_,mpanies. The question could easily be

asked, then, how does Pioneer -- a consultant house with manufacturing operations

--come to possess burden rates, especially in an "Asset Center" format?

Pioneer has been applying the "Asset Cente*" costing methodology for well over a

decade. The costing personnel is,and has been, composed of individualswho have had

significant,in depth, experience in costing ard manufacturing, especially in the auto-

motive industry. This depth of exposure ha. been harnessed to quantify the factors

contributing to the operation of a nominal manufacturing facility. This process is

tedious and time consuming, requiring a number of iterationsto verify the choice of

coefficients. The results are variable an] manufacturing burden rates that are

representative of a reasonably well managed production facility. These rates are for

obvious reasons considered proprietary.

The evidence of the sufficiency of the burdel rates has been two-fold. First,Pioneer

has had the opportunity to compare its co;is for various items directly with those

produced for various companies by their pers,mneL These comparisons have been made

on the level of labor, material, and burden costs, not merely an end item summary.

Second, Pioneer routinely does purchase ana;ysis, that is,checking the cost being paid

for purchased items. Ighere a Pioneer c,,st estimate is below the purchase cost,

Pioneer has gone out to qualified vendors for new quotations. Literally millions of

dollars have been saved by Pioneer clients where Pioneer costs have indicated that

the purchase price should be lower than theftbein_ paid.

As a resultPioneer has gained confidence in the reliabilityof its _Asset Center" burden

rates.

i_7
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PIO+iEERENGINEERING & MJVVUFACTURING

BURDEN FACTORS

FIXED

Salaries & Fringes
M_int: Repair

(Grounds & External Bldg.)
Welding Equipment
Material Handling
Non Capitalized Project Expense
Preproduction Expense set up as
a fixed cost

Dies (Maintenance)

Operating Supplies
Office Supplies

Oanltor Supplies
Misc. Supplles
Heating
Transportation
Electric Power & Light

(Based on mln. rate x usage
set by Utility)

Water
Communications

(wa )
Plant Protection

Non Productive Freight

Company Car & Travel Expense
Executive Fringes & Services
State & Local Taxes
Insurance
Depreciation
Pensions & Leaseholds

VAP,T_LE

Salaries & Fringes
Malnt. Repair

(Internal Bldg. & Production Equlpt.)

WelclingEquipment
Material Handling
Power Tools

Expense Tools

Set-up
Dies
Operating Supplies
Office Supplies
Welding Supplies
Janitor Supplies

Other Misc. Supplies

Transportatlon
Electric Power & Light

Fuel
Water

Other Purchased Services

(i.e. Kelly Girls)
Non Productive Freight

378



Figure 5 liststhe factors that have been conside-ed in the determination of the Pioneer

burden rates. The ratio of application of these ,'ostsbetween fixed and variable burden

are not shown inasmuch as this is considered lroprietary.

COST METHODOLOGY VARIANCE

Estimating as the name implies, is not an exact science, rigidly controlled by natural

laws. There are variables. The variables are:

1. The method manufacture of the par.

2. The skill of the estimator.

3. The applicable labor and burden rat,:sused by the estimator.

4. The estimating methodology.

Each of these variables is capable of Droduei_g differences in cost estimates-of the

same part.

Much of estimating is based on judgement. The firstvariable, method of manufacture,

is judgement dominated. How a part is to be made is conditioned by the estimator's

background and work experiences. For exam;le, because one estimator's background

isstamping-intensive , chances are his judgemerts (opinions),reflecting a higher degree

of skill,will produce a highly reliableestimate of a sheet metal part. The same man,

estimating a machined part, will not produce as reliable an estimate.

In many cases, there is no single, best way to make a part. When the production

volume is large enough to justify a double to)l-up, for example, some manufacturers

will deliberately tool the same part different!l in order to gain operating experience

in their search of optimum methods. For exanple: Today, door panels -- both inner

and outer -- are produced singlyby one automo ive company, and doubly (two-at-a-time)

by a competitor. In each case, production volu-nes are similar. What factors prompted

these dissimilar tool-ups? Presumably, both rrethods were considered by each process

engineer before the final choice. Each ha] to consider the "economi_s" of both

methods. Is one "more right" than the other? l_hat this illustrates,is the flexibility

inherent in the estimating process.

Some men, cautious by nature, will play it safe and "throw in two or three more

operations".(1) This generosity is,in turn, corrpounded by the multiplier effect --three

to five times -- when the burden cost is app led.

(1)Operations = Steps in the manufacturing stquence.
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From these examples, it is easy to see how estimating variances can occur in the first

two variables.

The third variable, labor and burden rates, is the most abused element in cost estimating.

The reason is that most estimators are excellent mechanics and engineers, know

manufacturing techniques, but are poor financiers -- most have only a rudimentary

comprehension of how burden rates and burden costs are developed and applied. Their

principal interest is in developing the manufacturing sequence, and specifying the

equipment and tooling. Of secondary importance (interest) is the selection of the

proper labor and burden rates. This step, performed almost casually by most estimators,

is perhaps the most important in the estimating process because of the multiplier

effect (most estimators calculate the burden cost of an operation by multiplying the

direct labor cost by a burden percentage factor, usually two to eight times the labor

cost).

Most manufacturing operations involve a _ngle machine, such as a punch press, run

by a _ngle operator. To illustrate how the typical estimator develops a cost estimate,

assume such a machine, run by a single operator, performing a forming operation, a

sheet metal part, 300 parts per hour are produced in this operation. The direct labor,
60

therefore, is .2 minutes per part (3--_). Assuming a direct labor cost of $10.00 per

hour the labor cost for this operation comes to:

.2 X 10.00 _ $.033
6O

The next step is the calculation of the burden or factory overhead. Estimating

departments have a schedule of burden rates, a specific rate for a specific machine,

developed by the plant comptroller.

One of the methods used in calculating burden is to multiply the direct labor cost for

a given opera'don by a percentage factor: e.g., 300%, 400%, etc. These percentage

factors are developed from historical data accumulated over a number of accounting

pe_ods. These factors usually are based on data covering a whole department (sometimes

on data which is not broken down below that of a whole plant). Consequently, the

factors can be influenced by departmental conditions not specifically related to the

operatlon itself. Burden rates based on historical data can very easily include

_nefficiencies that get lost in the overall departmental or plant operation.

Burden costs developed as a percentage of labor are still related to the type of

equipment. It should be noted that labor can vary relative to a piece of equipment
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depending upon the complexity of the part an, l specific operation performed but the

burden remains the same. As an illustration 3f this and expanding on the example

discussed above:

Labor Cost (.033) X Burden :Factor (300%) = $.099.

The combined labor and burden cost for this cperation, then, is .033 + .099 = $.132.

Assume in our example that a second man, a h:lper, is required to man the stamping

press. The labor cost now becomes $.066 per op, ration per part. The unwary estimator

will often assume that the burden cost shoJld then be 300% X .066, or $.198.

This is obviously false, since the overhead doesn't double simply because another man

has been added. Only the incremental costs 7 in this situation, associated with the

additon of the second man should be added to the base cost calculated earlier. The

estimator should "up the cost" of the operaticn by only the direct labor cost of the

second man [$.033). The burden cost would rezmin as it was when one man operated

the press. The new cost for the press operation, now manned by an operator and a

helper, is .033 + .033 + .099 = $.165.

Another problem which occurs frequently in e;timating, is the application of burden

to an unmanned manufacturing operation. For _xample, assume a sequence of six press

operations required to make a stamping. Th._ first,or blanking operation, required

two operators to remove the blank, dope it v ith lubricant and insert it in the draw

die of the following operation, making sure tlmt two blanks have not stuck together

(a double blank could wreck the draw die). Th: next three operations are loaded and

unloaded mechanically, the part is even inverte( between operation 3 and 4, all without

operator intervention. The final operation, _ cam-piercing operation, requires one

operator who removes the part, applies a dab of paint for indentification,and hangs

the part onto a conveyor.

What cost does the estimator assign to each operation? If he is using the burden

percentage method, there isno problem with tte firstand final operations, since these

have operators. The estimator simply calculates the direct labor cost for each of

these, then multiplies these by the burden percentage rates to obtain the burden cost,

making sure, of course, that he has not double_ the burden cost in the first operation

which has two operators.

The problem arises when the estimator tries t_ apply his formula to those operations

which are unmanned. There is no direct labor cost, nothing he can multiply by his
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burden percentage rate. The unwary estimator will frequently assume that, since there

is no labor cost, there can be no burden cost.

We know this to be false, since all of the burden elements -- with the exception of

fringe benefits -- are stillthere whether an operator is present or not.

Another method of burden cost calculation used by Pioneer, is the "Burden Center"

concept.

Whereas the "Burden Percentage" method covers a fulldepartment, sometimes an entire

plant, the "Burden Center" approach considers a much smaller entity: a single machine

plus only those expenses directly associated with the operation of the machine. These

expenses are both variable (expenses which vary with product volume changes) and

fixed (expenses _which are unaffected by volume changes).

Typical variable expenses considered in burden would be (this is not a complete list):

-- Indirect Labor

-- Perishable Tools

-- Fuel

Typical fixe_ and non-variable expenses would be:

-- Taxes

-- Amortization

-- Some Clerks & Janitors

-- Maintenance

-- Fringe Benefits

-- Utilities

-- Insurance

-- Some Supervision

-- Some Utility Bills

A pro rata share of each of these elements is assigned to each burden center. The

result is a carefully-aeveloped, localized cost for a specific machine or other asset,

reflecting only those expenses unique to that machine. These costs are stated in

"dollars per machine-hour" giving rise to the expression: Machine-hour rate.

"Burden Center" rates can be generated historical data, or they can be developed from

equipment specifications and requirements for power, lubrication, light, heat, indirect

labor, average maintenance, material handling, and other costs required to keep the

equipment operating. The latter method of burden development is beneficial when

developing costs for a new plant or facility where histormal datP has not been developed.

Another advantage in the latter approach is that nominal burden costs can be developed

around nominal equipment production rates.
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Costs developed around nominal production r_tes for a piece of equipment are an

important consideration when assessing produ'tion costs. For example, a piece of

equipment has a theoretical production rate fo" which it is designed. This theoretical

rate may not be achieved because of inherent equipment and human operational

conditions. However, "nominal" rates have be_ n established through experience of an

acceptable "efficient" plant. Well managed [:lantscan achieve these nominal rates.

All cost analyses should be developed around bulden rates based on "nominal" production

standards. Costs developed with burden rat_s established with other than nominal

standards should not be used for comparison bec,_use they include variances in production

inefficiencies and do not have a common base Pioneer costs are established around

nominal production rates.

There are other cost methodologies. One such n ethod uses the cost-per-pound approach.

Under this method, the parts of a car, for exan ple, are grouped by classes of material:

steel stampings, castings, forgings, molded pILsties, etc. The cost of each part is

divided by itsfinished weight, and a cost-per-pound obtained: a "meat-market" approach.

Pioneer does not endorse this method becaus_ of its dependence on a straight-line

relationshipbetween weight and cost. :For exanple, if a seven-pound brake drum cost

$3.50, will a nine-pound drum cost $4.50? ($.50 per pound.) Unlikely. The labor and

burden will remain essentiallythe same for ea_'h size of drum, but the material cost,

obviously, will be different. In spite of its imprecision, the method has some utility:

as a "rough=and-dirty" indicator of approximat, cost, as a crude verification that the

estimate is "in the ball park".
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